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MO DAU
Tai dung lich st tién hoa cua sinh vat co y nghia quan trong trong ly giai cac
hién tuong va gop phan thac day kham pha méi trong sinh hoc, y hoc va duoc hoc.
Ngay nay, nho phat trién manh cua cong nghé giai trinh tw DNA, viéc tai dung lich
str tién hoa thuong tién hanh dua trén dit liéu sinh hoc phan ti. Lich st tién hoa dya
trén dit liéu sinh hoc phan tir con cung cap co sé cho cac phuwong phap phan tich hé

gen so sanh, véi nhiéu wng dung quan trong trong d6 ndi bat 1a tim gen.

Theo hoc thuyét tién hoa cua Darwin tat cac loai sinh vat déu tién hoa tir mot to
tién chung. Do do, lich st tién héa thudng cé biéu dién dang cay véi céac 14 dai dién
cho céc loai (con goi la taxa) — ciing c6 thé ma rong cho céc ca thé hoic cac gen —
can duoc phan tich quan hé tién hda, con géc dai dién cho té tién chung gan nhat cua
c4c taxa nay. Cay tién hoa dugc sir dung trong nhiéu linh vuc theo nhiéu cach da
dang. Chang han, trong nghién ctzu su phat trién caa virus cim, do cac bién doi tién
hoa dién ra lién tuc, cac chang virus cim méi duoc hinh thanh rat nhanh; dua trén
phan tich cay tién hoa cia ching, cac nha khoa hoc c6 thé dy doan ching nao sé& tuyét
chang, chung nao c6 kha ning cao tiép tuc phét trién dé tao thanh dich trong nim tiép
theo [8]. Mot vi du khac, nam 1994, hai nha khoa hoc Baker va Palumbi trong chuyén
du lich ctia minh téi Nhat Ban d3 sir dung bd dung cu di truyén hoc dé lay mau thit
c& voi ban & cho va chizng minh rang day 14 loai c4 voi lung gui bi cAm sin bat (theo
Cong udc qudc té vé quy dinh khai thac Ca Voi) théng qua viéc phan tich cay tién
hoa [38]. Trong [64], phan tich tién hoa dugce dung dé ching minh viéc mot nha si &
bang Florida, Hoa Ky da l1ay nhiém HIV cho cac bénh nhan caa minh. Y hoc ciing
dang hinh thanh mot nhanh mai nhiéu trién vong duoc goi la y hoc Darwin hay y hoc
tién hoa [58] vai muc dich tim hiéu va giai thich tai sao chiing ta mac bénh dya trén

phan tich tién hoa.

Bai toan xay duwng cay tién hda nhan dix liéu vao la sip hang caa n chudi phan

tir sinh hoc trng vai n loai va ¢ muc tiéu xay dung mot cdy nhi phéan gitp giai thich
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t6t nhat qué trinh tién hoa tir mot to tién chung thanh n loai nay (xem Hinh 0.1).

2 N £ Ngweoi
Sép hang géc g Gl@c a TGC
Tinh tinh ¢ CG TAT
Khidét Glic A TAT
Pudivei clHC A TGC

Xay dwng cay Tap cay
béotstrap

Cay I
tot |
nhat |
trén |
sap |
hang |
|
|
|
\

Budivei Ngwdi in
inl

goc

- e o e = = o= -
- e mm = = = o

Hinh 0.1. Vi du minh hoa dau ra bai toan xay dung céy tién hda va bai toan xay dung cay
bootstrap tien hda trong phan tich tien hoa cho 4 loai.

Cdc phwong phdp xdy dung cay tien hda co thé dua vao khoang cach hoic dua
vao ky tu (con goi 1 vi tri sip hang) [103]. Cac phuong phap dua vao khoang céach
truéc tién tinh khoang céch tién hoa cho tirng cap loai, sau d6 str dung ma tran khoang
cach thu duoc dé xay dung cdy. Khoang cach tién hoa giira hai chudi 1a dai luong ti
1& véi s6 lwgng bién d6i Ky tu trang thai thuc su xay ra trong qué trinh tién hda, duoc
tinh toan bang cach két hop khoang cach quan sat (1a dai luong ti 1é véi s6 vi tri co
ky tu trang thai khac nhau trén hai chudi) va mé hinh tién héa. Vi du: thuat toan ghép
hang xém (neighbour joining — NJ) [71] ap dung mot thuat todn phan cum trén ma
tran khoang céch tién hoa dé dua ra mot cay tién héa nhi phan. Cac phwong phap dua
trén ky tu bao gom cac phuong phap tiét kiém nhat (con goi la cuc tiéu sb luong bién
d6i, maximum parsimony — MP), cac phuong phap hop 1y nhat (maximum likelihood
— ML) va phuong phap suy luan Bayes. C4c tiép can dya trén ky ty tién hanh so sanh
ddng thoi tat ca cac chudi trong sdp hang, khao sat lan luot tirng Ky tu dé tinh diém
s6 cho mot cdy. Piém sb cho cay 1 s6 lwong bién ddi tdi thiéu trong truong hop MP,
|l gié tri log-likelihood trong truong hop ML va 1a x4c suat hau nghiém trong trudng
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hop suy luan Bayes. Vé ly thuyét, c6 thé xac dinh cdy c6 diém sd tot nhat bang cach
khao sat va so sanh tat ca cac cay tng vién, chang han nho tim kiém vét can, nhung
diéu do6 lai khong kha thi, trir khi cac bo dit liéu rat nho. Do do, ta can sir dung cac
thuat toan heuristic dé tim kiém cdy. Heuristic khong dam bao tim dugc cay téi uu
toan cuc (v&i mot tiéu chuan téi vu duoc chi dinh), nhung nd c6 thé phan tich cac bo
di liéu 16n. Bé md ta dit liéu, cac phuwong phap dung ma tran khoang cach, ML va
suy luan Bayes déu can sir dung md hinh tién héa va vi vay con goi 1a phuong phap
dya trén mo hinh, trong khi d6 phuong phap MP khong c6 mé hinh rd rang va cac gia
thiét cia nd ngam an. Luan &n nghién ciu viéc phan tich dya trén MP va ML, 1a dién

hinh cua céc tiép can nay va dugc cong dong nghién ciru quan tam.

Phan tich bootstrap tién hoa (hay xay ding cay bootstrap tién hoa) dé xuat bai
Felsenstein [21] la tiép can phd bién dé danh gia muc do tin cay cho cay tién hoa.
Tiép can nay duoc phat trién tir ki thuat bootstrap [15] cua théng ké phuc vu viéc xac
dinh bién thién cua mot wdc luong bang thuc nghiém. Ngay sau khi xay dung cay
tién hoa cho sap hang gdc, ngudi ta thuong tién hanh phan tich bootstrap phi tham sé
vé6i thu tuc nhu sau: Véi dit liéu vao 1a sip hang goc m vi tri, trudc tién, ta lay mau
c6 hoan lai cac vi tri trén sip hang gdc dung m 1an nhiam tao mot sip hang bootstrap
(con goi 1a mau bootstrap hay ban sao bootstrap) c6 kich thuéc giéng hét sip hang
gbc. Thong thuong, 100 t6i 1000 sip hang bootstrap duoc tao ra theo cach nay. Ky
hiéu B 12 s6 sdp hang bootstrap. Ta xay dung cay tién hda cho mdi sip hang bootstrap,
goi la cay bootstrap, theo cuing cach da xay dung cay tién hoa cho sap hang géc. Dit
liéu ra cua bai toan lam phén tich bootstrap la tap cay bootstrap (xem minh hoa &
Hinh 0.1). Tap nay thuong dugc sir dung nhu sau: gan cho mdi canh trong cua cay
xay dung trén sap hang goc gia tri hd tro bootstrap tinh bang ty 1& cay bootstrap c6

chtra canh dé.

Xay dyng tap cay bootstrap tién hoa bang cach tién hanh doc 1ap thuat toan xay
dung cay tién hoa nhu nhau cho ting sap hang bootstrap duoc goi 1a phwong phdp

bootstrap chudn. Theo dé, viéc 1am phan tich bootstrap voi B ban sao bootstrap s&
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tidu tn thoi gian nhiéu gap B 1an viéc xay dung cay tién hoa. Ban than bai toan xay
dung cay tién hoa (ma khdng lam phan tich bootstrap) dugc xép vao 16p NP-day du
néu sir dung tiéu chuan MP [32] va NP-khé néu st dung tiéu chuan ML [10]. Vi vay,
rit ngan thoi gian chay ludn 1a vin dé thach thirc cho bai toan 1am phan tich bootstrap.
Vén dé tré nén nghiém trong dic biét véi su ra doi ciia cac cdng nghé giai trinh tu thé
hé tiép theo (Next-generation sequencing — NGS) cho phép tao ra nhiing bo dit liéu
khong 16. Mot van dé 16n khac 12 gia tri hd tro bootstrap tinh bai bootstrap chuan cho
ta u6c luong thip hon xac suat ding (tic xac suat thudc vé ciy dung) cua canh
[39,56]. Cdy diing 1a cdy thé hién dung lich sir tién hda vai ciu tric ciy dung va tat
Ca cac do dai canh dung. Cac phuong phap phan tich ciy theo ML con c6 c4c van dé
vé anh huéng caa vi pham gia thiét md hinh (vi pham mé hinh) va anh hudng cua
hién tuwong da phéan t6i do chuan xac bootstrap. CAc tiép can nhanh da dugc dé xuat
dé giai quyét van dé thoi gian [5,33,36,45,56,79,81]. Trong sé do6, UFBoot [56] la
phuong phap nhanh nhat, dugc cai dat trong hé théng 1Q-TREE (dia chi website:

http://www.igtree.org) va dugc sir dung rong réi.

Tur d6, muc tiéu va két qua luan an da dat duoc 1a:

1. Nghién ctru phwong phéap chuan va cac phuwong phap nhanh hién tai cho xay
dung cay bootstrap tién hoa theo tiéu chuan ML, dic biét 1a UFBoot, tir d6 dua
ra dé xuét cai tién dé giai quyét tot hon timg thach thic cua bai toan: thoi gian
chay, do chuin xac, anh huong cua vi pham mo hinh va hién tuwong da phan.

2. Nghién ctru phuong phap chuan cho xay dung cdy bootstrap tién hoa theo tiéu
chuan MP, tir 46 dé xuét phuong phap nhanh méi hiéu qua cho bai toan.

3. Cai dat cac dé xuat cai tién cho UFBoot roi tich hop vao hé thong 1Q-TREE;
xay dung phan mém MPBoot cai dat phuong phap nhanh dé xuit cho MP dé
phuc vu nhu cau ctia cac nha khoa hoc phan tich ciy tién hoa theo tiéu chuan

ML va MP.
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Cac két qua cua luan an da duoc cong bé trong 2 bai bao ¢ tap chi thuoc danh
muc co s& dir liéu cua IS1 (cdng trinh khoa hoc s6 2, 3) va 1 bao céo & hdi nghi qudc

té (cong trinh khoa hoc sb 1). Ngoai phan két luan, luan an duoc t6 chice nhu sau:

Chuwong 1 trudc tién gioi thidu khai quét vé cac khai niém co ban trong phan
tich cay tién hda dua trén dit liéu sinh hoc phan tu: théng tin di truyén, sip hang da
chudi, cay tién hoa, mé hinh tién hda va cac phuong phap xay dung cay tién hoa. Sau
d6 1a phan gigi thidu vé ky thuat bootstrap trong théng ké. Tiép d6 1a phan phat biéu
bai toan xay dung cdy bootstrap tién hoa, cac tiéu chi dé danh gia mot phuong phap
xay dung cay bootstrap tién hoa va cac phuong phap hién tai lién quan téi giai nhanh

bai todn xay dung cdy bootstrap tién hda, trong d6 tap trung vao UFBoot.

Chwong 2 tap trung giai nhanh bai toan xay dung cay bootstrap tién hoa theo
tiéu chuan ML. Chuong nay bit dau véi luoc dd chung theo tiéu chuan ML; sau do
trinh bay thuat toan pruning caa Felsenstein tinh likelihood cay va tom tit y tuong
ctiia phuong phap UFBoot giai nhanh bai toan bang cach tim mot tap cay bootstrap
chap nhan duoc. Tir ddy luan an dé xuat thuat toan pruning nhanh khi mé hinh tién
hoa c6 tinh thuan nghich thoi gian; sau d6 trinh bay dé xuat phwong phap UFBoot2
tich hop thuat toan pruning nhanh va céc ky thuat toi vu ma ngudn dé tang toc. Ngoai
ra, luan an dé xuat thém ba cai tién quan trong giai quyét cac van dé vé di liéu va mo
hinh ma UFBoot khéng hd tro: (i) cai tién dé xu 1y cac dinh da phan (ii) cai tién dé
giam anh huong cua vi pham mé hinh va (iii) cai tién mo rong dé phan tich sip hang
nhiéu gen. Két qua thyc nghiém trinh bay cudi chuong di chung té dugc hiéu qua

ctia phién ban nang cap nay.

Chuwong 3 cta luan an dé xuat mot phuong phap MPBoot mai dé tim kiém hiéu
qua cdy MP, ddng thoi tim nhanh 16i giai chap nhan dwoc cho bai todn xay dung cay
bootstrap tién hoa theo tiéu chuan MP. Két qua thuc nghiém trén ca di liéu mé phong
va c4c bo dir liéu sinh hoc 16n dé so sanh MPBoot va phuong phap bootstrap chuan

cai dat trong hai céng cu phan tich theo tiéu chuan MP tt nhat hién nay 1a TNT va
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PAUP* di cho thdy MPBoot 1 lya chon thay thé tét cho phwong phap bootstrap

chuén theo tiéu chuan MP.
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Chuwong 1 BAI TOAN XAY DUNG CAY BOOTSTRAP TIEN
HOA
1.1. M@t s6 khai niém co ban

Phan nay cua luan &n sé trinh bay cac khéi niém co ban trong linh vuc phan tich
quan hé tién hoa dya trén dix liéu sinh hoc phan tu: théng tin di truyén, sip hang da

chudi, cay tién hoa.
1.1.1 Théng tin di truyén

Kiéu hinh cuaa sinh vat séng ludn 1a két qua cuaa thong tin di truyén (ma sinh vat
mang va truyén cho thé hé ké tiép) va tuong tac véi moi trudong. Vi vay, dé nghién

ctru vé tién hoa, ta can tim hiéu vé bién dbi trong thong tin di truyén cuaa sinh vat [50].

B4 gen (genome) 1a tap hop hoan chinh cac vat chat di truyén caa mot sinh vat
[54]. B6 gen cua hau hét cac sinh vat 1a DNA (axit deoxyribonucleic), trong khi mot

s6 virus co bo gen RNA (axit ribonucleic).

DNA [a mot phan tir md hda ban d6 thiét ké di truyén cua sinh vat. N6i cach
khac, DNA chira tat ca cac thong tin dé tao ra va duy tri mot sinh vat. DNA dugc cau
tao tir nhiéu phan tr nho goi 1a cac nucleotide. C6 4 loai nucleotide 1a: adenine (A),
cytosine (C), guanine (G) va thymine (T) dugc xép thanh 2 nhém purin (gom A va
G) va pyrimidine (gom C va T) dua trén cac diém twong dong vé cau tric hda hoc.
Cac nucleotide két hop véi nhau thanh mot mach dai nho cac lién két hoa hoc dé tao
thanh mot chudi nucleotide (con goi 1a chudi polynucleotide). DNA c6 cau tao gom
hai chudi nucleotide, trong do cac nucleotide gitra 2 chudi lién két véi nhau bang lién
két hydrogen theo nguyén tic bd sung: A véi T va G véi C [1]. Do tinh chét dic biét
cua ghép cap bd sung, mdi chudi trong 2 chudi polynucleotide néi trén c6 chira day
du cé4c théng tin mang trong chudi con lai.

RNA dugc tong hop tir DNA nho qua trinh phién ma theo nguyén tic bo sung.

Trong RNA, thymine duoc thay bang uracil (U).
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Axit amin 12 mot hop chat hitu co dugc ciu tao bai ba thanh phan: nhém amin
(-NHz2), nhém cacboxyl (-COOH) va nguyén tir cacbon trung tdm dinh vdi 1 nguyén
tir hydrd va nhom bién doi R quyét dinh tinh chat cua axit amin [1,11]. Céc axit amin
két hop voi nhau thainh mot mach dai nhd céc lién két peptide (con goi 14 chudi
polypeptide) dé tao thanh mot chudi axit amin hay con goi 1a protein. Cac chudi nay
¢6 thé xodn cudn hodc gép theo nhiéu cach dé tao thanh céc bac céu tric khong gian

khac nhau cua protein [2].

Mdi quan hé gitra nucleotide va axit amin duoc thé hién qua qué trinh téng hop
protein. Trong mot chudi nucleotide ma hoa protein, mdi chudi ba nucleotide lién tiép
duoc goi 1a mot codon. Mbi codon c6 thé md héa mét axit amin hodc 1 tin hiéu bat
dau hodc két thiic cia mot qua trinh tong hop protein [50]. Co tat ca 64 codon, trong
do6 c6 61 codon ma hoa cho céac axit amin, 3 codon con lai dugc goi la stop-codon

(xem thém Bang 1.1).

Bang 1.1. Danh sach 64 codon. M&i codon m& hod mot axit amin.

T C A G
Codon AX.'t Codon AX.'t Codon AX.'t Codon AX.'t
amin amin amin amin
TTT | Phe TCT | Ser TAT | Tyr TGT |[Cys | T
T TTC | Phe TCC | Ser TAC | Tyr TGC | Cys C
TTA |Leu TCA | Ser TAA |STOP| TGA |STOP | A
TTG | Leu TCG | Ser TAG |STOP| TGG | Trp G
CTT |Leu CCT | Pro CAT | His CGT | Arg T
c CTC |Leu CCC | Pro CAC | His CGC |Arg | C
CTA | Leu CCA | Pro CAA | GIn CGA |Arg | A
CTG | Leu CCG | Pro CAG | GlIn CGG |[Arg |G
ATT | lle ACT | Thr AAT | Asn AGT | Ser T
A ATC |lle ACC | Thr AAC | Asn AGC | Ser C
ATA |lle ACA | Thr AAA | Lys AGA |Arg | A
ATG |Met | ACG | Thr AAG | Lys AGG |Arg |G
GTT |Val GCT | Ala GAT | Asp GGT |Gly | T
G GTC | Val GCC | Ala GAC | Asp GGC |Gly |C
GTA |Val GCA | Ala GAA | Glu GGA |Gly | A
GTG | Val GCG | Ala GAG | Glu GGG |Gly |G
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Tuy nhién, do c6 nhiéu codon cung ma hoa mot axit amin nén s6 axit amin dugc
ma hoa chi 1a 20 [11]. Tén day du va viét tat cua 20 axit amin dugc liét ké day du

trong Bang 1.2.

Bang 1.2. Danh sach 20 axit amin.

STT | Tén axit amin | Tén viét tit (3 ky tw) | Tén viét tit (1 ky tu)
1 | Alanine Ala A
2 | Arginine Arg R
3 | Asparagine Asn N
4 | Aspartic Asp D
5 | Cysteine Cys C
6 | Glutamine Gln Q
7 | Glutamic Glu E
8 | Glycine Gly G
9 | Histidine His H
10 | Isoleucine lle I
11 | Leucine Leu L
12 | Lysine Lys K
13 | Methionine Met M
14 | Phenylalanine Phe F
15 | Proline Pro P
16 | Serine Ser S
17 | Threonine Thr T
18 | Tryptophan Trp W
19 | Tyrosine Tyr Y
20 | Valine Val \Y

1.1.2 Sip hang da chudi

Pé xay dung cay tién hoa, ta stir dung cac dic tinh twong doéng — la dac tinh &
nhitng sinh vat khac nhau nhung tuong ty nhau béi chung duoc ké thira tir mot to tién
chung c6 dic tinh d6. Trong phan tich tién hoa dya trén dit liéu phan ti sinh hoc, ta

sir dung cac chudi nucleotide/axit amin twong dong
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Qua trinh tién hda 1am cho cac chudi phan tir sinh hoc (nucleotide/axit amin)
tuong dong khac nhau vé noi dung ciing nhu d6 dai. Sip hang da chudi (multiple
sequence alignment — MSA) s& gitp 1am rd cac phép bién ddi gitta cac chudi phan tu
sinh hoc. Sap hang da chudi c6 thé duoc hiéu nhu mot ma tran cac phan ti sinh hoc.
Trong d6 mdi hang chinh 1a mot chudi phan tir sinh hoc con mdi cot chira cac phan
tir sinh hoc twong dong cua cac chudi [50] (xem thém Hinh 1.1). M&i cot duoc goi la
mét vi tri sap hang. Kich thudc cia mot sip hang da chudi duoc hiéu 1a sé luong
chudi c6 trong sip hang do, con chiéu dai caa mot sip hang da chudi chinh la chiéu
dai cia mot chudi trong sap hang. Hinh 1.1 1a mot vi du cua mot sap hang da chudi

vé6i bon chudi axit amin ciia bon loai linh truong. Sap hang cé chiéu dai la 15.

1 2 3 45 6 7 8 9 10 11 12 13 14 15
Nguoti EHD- NDEMCOQUL K P L P
TinhtinhfF H D R - DEMCQ L K P L P
Khidgt |[F G R R - DEMCQL K P L P
buoiwoi | F G D R - VH M C Q L K P L P

Hinh 1.1. Minh hoa mét sap hang da chudi axit amin cua bon loai linh truong.
1.1.3 Cay tién hoa

Cay tién hoa 12 mot dang so 6 phan nhanh thé hién méi quan hé tién hoa giira
c4c loai (ciing c6 thé ma rong cho céc ca thé hay céc gen) dwa trén nhirng diém gidng
va khac trong thong tin di truyén. Cac loai dua vao phan tich quan hé tién hoa duoc

cho 1a c6 mot t6 tién chung.

MA&i quan hé tién hda giira cac loai thudng duoc biéu dién bai mot cay nhi phan
véi cdu trac nhu sau: mdi dinh 14 caa cay biéu dién mot loai hién tai (cho bai dix liéu
vao); mdi dinh trong cua cay biéu dién mot loai t6 tién (ta khéng cé thong tin vé cac
loai to tién); mdi canh cua cay ndi hai dinh cua cay va biéu dién mdi quan hé truc tiép
gitra hai loai & hai dinh cua cay; do dai cia canh néi hai loai trén cay cho biét khoang

cach tién hoa giita chiing. Khoang céach tién hoa nay c6 thé duoc biéu dién bing thoi
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gian, hay sé luong céc bién d6i nucleotide/axit amin gitta hai chudi nucleotide/axit

amin duoc sir dung dé so séanh hai loai.

Ta thuong khong c6 thdng tin vé cac loai t6 tién, cho nén khong xac dinh dwgc
chinh xé&c gdc cua cy tién hda. Chinh vi vay, cay tién hda thuong duoc biéu dién
bang mot cay nhi phan khong gdc nhu minh hoa ¢ Hinh 1.2B thay vi Hinh 1.2A. Sau
d6, khi c6 thém thong tin tién hda, ta s& dung mot ky thuat dinh géc, vi du nhu k§
thuat outgroup: luc dau bo sung vao sap hang mot chudi nucleotide/axit amin ctia mot
loai khac xa voi nhém lodi dang xét, téi cudi cung khi da tim duoc cdy thi dit goc

trén canh ndi véi loai nay [50].

(A) (B)

Nguoi Tinhtinn  Khi dét DBwoi woi 2 en

Tinh tinh i woi

Hinh 1.2. Mot vi du vé cay tién hoa gitra bon loai linh truéng: (A) dang cay nhi phan cd
) goc va (B) dang cay nhi phan khdng goc.
Cay tién hda la mot thanh phan hiru ich trong cac linh vuc sinh hoc, tin sinh hoc

va nhan ching hoc. Trong luan an nay, néu khdng cé chi thich thém thi cay tién hoa
dugc goi tat 1a cy. Ngoai ra, luan &n goi cdy tién hoa Ia ciu tric phan nhanh khi
mudn nhan manh viéc c4c canh caa cay chua xac dinh duoc do dai ma chi thé hién

mdi quan hé lién ké gitra cac dinh trong cay.

Luan an nay s& ban nhiéu vé canh trong caa cay vai vai trd phan hoach. Pay 1a
don vi nhé nhit trong quan hé tién héa ma cay thé hién. Xét canh trong e(a, b) thudc
tap canh E cua cay T, canh trong e sé phan tach tap cac la cua cay T ra thanh hai tap
con L,|Ly, trong d6 tap L, chira cac 14 nam cung phia voi dinh a; tap L, chta cac 14

nam cung phia voi dinh b. Ta goi L,|L, 1a mot cach phan hoach cua cay T. Luu vy,
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hai phan hoach L,|L,va L,|L, duoc coi la nhu nhau. Cay trong Hinh 1.2B c06 duy
nhat mot canh trong. N6 thé hién rang “Nguoi” ¢6 ho hang gan véi “Tinh tinh” hon

la véi “Khi dot” va “Dudi woi”.
1.2 Tong quan phan tich tién hda

Theo Warnow [90], mdt quy trinh phan tich quan hé tién héa tong quét va hoan

thién gom cac budc:

(1) Nha sinh hoc nhan dinh cau héi nghién curu, tir d6 lya chon cac loai va cac
gen can phan tich.

(2) Thu thap chudi phan tir sinh hoc cho cic lodi va cac gen ndy, thudng 1a chudi
DNA.

(3) Vi mbi gen, xay dung sap hang da chudi.

(4) V&i mdi gen, sir dung sip hang da chudi dé xay dung ciy tién héa don gen.

(5) Tinh toan do hd tro théng ké cho mdi canh trong ctia ciy tién hoa don gen.
Cach phd bién nhat 1a dung phwong phéap bootstrap phi tham sé (non-
parametric bootstrap) [15]. Do trong luan an khong khao sat bootstrap co
tham s6 (parametric bootstrap) [15] nén sau day s& goi tat phuong phap
bootstrap phi tham sb 13 phuong phap bootstrap.

(6) Xay dung cay tién hoéa hodc mang ludi tién hoa da gen (phylogenomic
tree/network) nho két hop cac cay tién hoa don gen.

(7) St dung két qua ciia budc 6 dé tra 16i cau hoi ¢ bude 1.

Budc 5 thuong gin chit voi két qua cia bude 4. Do do, luan an tap trung vao
budc 4 va 5 trong quy trinh tong thé nay, twong duong vai viéc xay dung cy tién hoa

c6 lam phan tich bootstrap.
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1.3 Xay dwng cay tién hoa

Cay tién hoa khdng quan sat truc tiép duoc ma phai suy luan tir chudi hoic cac
dir liéu khac. Bai toan xay dung cay tién hda cho n lodi tir n chudi sinh hoc dai dién

cho n loai nay 1a bai toan trung tam cua linh vuc phan tich tién hda phan t sinh hoc.

Nhu di ban trong phan Mé dau, luan &n sé& tap trung vao phan tich quan hé tién
héa theo tiéu chuan MP va ML do d6 pho dung cao ciia chiing. Cac phuong phép nay
dira trén dau vao 1a sip hang caa n chudi sinh hoc dai dién cho n taxa, do d6 tranh
duoc van dé mat mét thdng tin cta cac phuong phap khoang cach. Ngoai ra, phan tich
bang MP va ML con cho phép khdi phuc chudi sinh hoc dai dién cho céc loai to tién

o trong cay.
1.3.1 Phat biéu bai toan

Dir liéu vao: Dir liéu dau vao 1a mot siap hang cua n chudi phan tir sinh hoc
(nucleotide/axit amin/codon) cia n loai, mdi chudi ¢6 m vi tri (ky tu). V&i phan tich

ML, dir liéu vao c6 thém mo hinh tién hoa.

Bai toan: Xay dung cay tién hda biéu dién méi quan hé giira n loai dya vao phan tich

su giéng nhau va khac nhau giira cac chudi nucleotide/axit amin cua ching.

Dir liéu ra: Mot cay nhi phan khong gbc biéu dién méi quan hé giira n loai va lam
t6i vu ham cham diém £ () theo tiéu chuan téi wu dugc chi dinh. Cu thé, cy tét nhat
s& 1am cuec tiéu diém MP néu sir dung tiéu chuan MP, 1am cuc dai diém likelihood
néu st dung tiéu chuan ML. Mdi loai duoc biéu dién & mét dinh 14 cua cay. Do dai
cac canh cua cay biéu dién sé lugng bién doi ky tu trang thai gitra cac dinh cua cay.
Theo d6, xay dung cay tién hoa cd thé duoc xem 1a mot bai toan tbi uu td hop.
Do phuc tap vé mit thuat toan caa bai toan nay thé hién o sé luong 10i giai ting vién
S(n) - hay sb luong tat ca cau tric phan nhanh khong gdc c6 thé c6 cho n > 3 loai

cho bai cong thuec:
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S(n) = 1_[(21' _5)

Chu y: véi cac cau tric phan nhanh d¢ém & cong thuc trén, cac canh cua cay khong
chura trong s6 d6 dai ma chi thé hién méi quan hé lién ké giira cac dinh trong cay va

khong c6 thong tin vé cac loai t6 tién duoc biéu dién bai cac dinh trong cua cay.

Vi vay, viéc phét trién cac chién luoc tim kiém heuristic cho bai toan nay la can
thiét. Mot viéc quan trong khac 1a téi vu tinh toan trong ham cham diém £() vi ham

nay duoc goi hang triéu lan trong mdi ham tim kiém heuristic.

1.3.2 Tiéu chuan tiét kiém nhat (maximum parsimony — MP)

Theo tiéu chuan MP, cay tt nhat Ia cy giai thich dit liéu (tic sip hang da chudi)
bang it bién d6i nhat.

Piém MP cho cay: Phuong phap MP tinh sé luong bién d6i cuc tiéu trén mot
cay tién hoa bang cach gan cac ky tu trang thai khac nhau cho cac dinh trong cia cay
(xem vi du Hinh 1.3). Biém MP cua cay trén mét vi tri sip hang 1a s luong bién doi
t6i thiéu can thiét cho vi tri d6. Biém MP cua cay trén toan sap hang 1a tong diém MP

trén tat ca cac vj tri sap hang. Trong Hinh 1.3, diém MP cho c4u tric cay 1 bang 2.

Trong sap hang, vi tri chi chira mot loai Ky tu trang thai dwoc goi 12 vi tri hang,
nd ludn cho diém MP bang 0. Vi tri chira hai loai ky tu trang théi, trong d6 mot loai
ky tu chi c¢é trén duy nhat mot loai duoc goi la singleton. Singleton ludn cho diém
MP bang 1. Vi tri hang va vi tri singleton khdng co ich khi so sanh diém MP cua 2
Ciu triic cdy nén thuong bi bo di.

Fitch [23] va Hartigan [35] da dé xuét va phét trién mot thuat toan tim sé luong
bién doi t6i thiéu cho 1 cay nhi phan (va xay dung trang thai t6 tién dé dat cuc tiéu).
Tinh toan diém MP theo cach minh hoa & Hinh 1.3 coi cac bién d6i c¢6 chi phi nhu

nhau. Nghia 13, mot canh c¢6 2 dau gan 2 ky tu khac nhau thi dugc tinh diém MP 13 1,
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nguoc lai diém MP 13 0. Ta néi tinh toan d6 st dung ma trdn chi phi déu (uniform
cost matrix) (Bang 1.3A).

Sip hang
S1A A C
S2C A C
s3C Piém MP=3
S4T v
. ,(} )- C T
Cﬁu truc cay 1 -
S3
2 A C
_ _(_).. - C C
Piém MP=2
S2 ! s4
! . C T
! (4) ‘\$3)
' C
Diém MP=3
-
Piém MP=3
Hinh 1.3. Minh hoa cach tim diém MP cho c4u tric cay 1 bang c4ch khao sét 4 cach gén
dinh trong.
Bang 1.3. Vi du minh hoa (A) ma tran chi phi déu va (B) ma tran chi phi khong déu cho
~ ditliéu DNA. ‘
(A) Ma tran chi phi déu (B) Ma tran chi phi khong déu
A|C |G |T A|C |G |T
A0 ] 1|11 A|l0|5]|1]5
c|1/|0]1]1 C|5|0]|5 |1
G|1 |1 |01 G|1|5|0]|5
T|1]1]1]|0 T|5]1]5]|0

Trong thyc té tién hda caa cac phan ti sinh hoc, mot s6 bién d6i xay ra thuong
xuyén hon mét sé bién d6i khac. C6 thé xem cac bién doi xay ra nhiéu la c6 chi phi
thap hon. Piéu nay c6 thé mé hinh hoa trong tiéu chuan MP nhd sir dung ma trdn chi
phi khéng d@éu (non-uniform cost matrix) (Bang 1.3B) va ta s dung thuat toan
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Sankoff [74] dé tinh diém MP. Ap dung ma tran & Bang 1.3B cho 4 cach gan dinh
trong & Hinh 1.3, ta dugc diém MP lan luot 1a 11, 6, 11, 7. Do d6, diém MP cho cau

trac cay 1 1a 6.

Cay MP 1a ciy c6 diém MP nhé nhat. Ta tim cay nay bang cach duyét va tinh
diém MP cho tat ca cac cau tr(ic phan nhanh. PAUP* [84], MEGA [47] va TNT [31]

1a cac chuong trinh phd bién cho phan tich cay tién hoa theo tiéu chuan MP.
1.3.3 Md hinh hda qua trinh bién déi nucleotide

1.3.3.1 Pitvan dé

Khi phan tich cy tién hoa theo tiéu chuan MP, diém MP dua trén khac biét gitta
cac dinh lién k&. Néu co da bién doi trong qua trinh chuyén tir mot trang thai o dinh
cha sang mét trang thai & dinh con (Hinh 1.4), diém MP khdng thé hién chinh xac sé
bién d6i thuc su da dién ra. Nham tinh toan sé lugng bién doi thyc sy, cac phuong
phap khoang cach va cac phuong phap dua trén likelihood sir dung mé hinh xac suat

dé mo phong qué trinh tién hoa - sau day goi 1a mé hinh tién hoa.

Hinh 1.4. Minh hoa da bién ddi trén cay gom 1 dinh cha va 2 dinh con. Biém MP béng 1
trong khi so bién doi thuc su la 3.

M6 hinh tién hoa gia s rang bién doi tién hda tai mot vi tri (nucleotide hay axit
amin) tuan theo xich Markov thoi gian lién tuc vai tap trang thai € chinh la tap cac
ky tu trang thai. M6 hinh Markov duoc sit dung do né mé phéng duoc tinh ngau
nhién va tinh khdng nh¢ cua cc bién doi tién hoa trong tu nhién. Tac 13, tai mbi vi
tri sap hang, mot bién doi tién hoa xay ra 1a ngau nhién va trang thai tiép theo chi phu

thugc trang thai hién tai chir khdng phu thudc vao trang thai trong qué khie. Theo md
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hinh nay, m vi tri trong chudi cua mot loai twong duong véi m xich Markov chay doc
tir dinh gdc (loai to tién) téi dinh 14 (loai dang xét) tuong tng.

Phan nay sé& trinh bay céc céng thirc vai md hinh bién d6i nucleotide (tap trang
thai € = {A, C,G, T}); cong thirc cho mé hinh bién ddi axit amin (€ 1 tap céc axit

amin) hoat dong tuong tu.
1.3.3.2 Ma tran toc d6 bién doi tic thi

Tam diém cta md hinh tién hoa 1a mot ma tran vuéng Q kich thuéc |E] x |&].
Trir nhitng 6 nam trén duong chéo, ma tran nay thé hién téc d¢ bién doi tac thi g;; tur

trang thai & hang i sang trang thai ¢ cot j. Dué6i day 1a ma tran toc do bién dbi tac thi

Q = {q;;} cho md hinh bién d6i nucleotide:

A C G T
—u(arc + brg + cmy) uame ubmg UCT
Q= Ugmy —u(gmny + dng + emr) pdmg uerr
phr, pime —pu(hmy +inc + frr) ufmr (1.1)
WTta pkme ulmg —u(jma + ke + Img)

Trong d6, cac hang sap theo thir tw A,C,G,T. Ta goi m,, e, g, oy 12 tan suat
cua cac nucleotide. Cac thamsb a, b, ¢, d, e, f, g, h, i, j, k, | thé hién tan suat twong ddi
(con goi 12 hé s6 hoan d6i) cia mdi loai chuyén trang thai (trong s6 12 loai cd thé xay
ra), trong suét qué trinh tién hda, gitra cac Ky tu trang thai khac nhau (xem Hinh 1.5).

Vi du a thé hién tan suit twong ddi cua bién d6i A - C.

Hinh 1.5. Tan suét twong di cua bién doi gitra cac nucleotide.
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Goi P(t) l1a ma tran xéac suit chuyén gitra cac ky tu trang thai sau mot khoang
thoi gian tién hoa t. Véi gia tri At > 0 nho, ma tran xac suat chuyén P(At) c6 thé

dugc tinh xap xi tuyén tinh theo khai trién Taylor nhu sau:
P(At) ~ P(0) + QAt

Xét trang théi i, dé dam bao diéu kién tong xac suat chuyén tir i dén céc trang
thai khac bing 1 sau mot khoang thoi gian t bat ki, ma tran Q phai thoa mén diéu
Kién:

&
le=|1 q;; =0

trong d6 q;; = 0 khi i # j.

Do d6, ta gan gi tri am cho cac 6 dudong chéo dé dam bao tong trong mot hang

qii = — ZQU

JE!

ma tran Q bang 0.

Pai luong p 1a trung binh téc do bién dbi tic thi.

Trong tinh toan, Q duoc chuan hoa dé
— Y. m;q; = 1 (kéo theo u = 1). Khi dy, d6 dai canh cua cay tién héa la ki vong sb

lwgng bién doi nucleotide cho mdi vi tri sip hang.

M6 hinh tién héa chira cac gia thiét sau:

(1) Tai vi tri bat ky trén chudi, téc d6 bién doi tir trang thai i dén trang thai j 1a
doc 1ap véi trang thai trudc i ¢ vi tri d6 (tinh chat Markov).

(2) Toc do bién ddi khong ddi theo thoi gian (tinh dong nhat).

(3) Tan suat twong d6i cua A, C, G Va T (s, ¢, g, T ) O trang théi can bang
(tinh dung).
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Trong Chuong 2, luan an s& khao sat mot 16p cu thé hon caa mé hinh bién d6i
nucleotide goi la cAc md hinh c¢6 tinh thuan nghich thoi gian (time-reversible), tic
a=g,b=hc=jd=ie=kf=1

Khi biét Q (theo d6, x4c dinh dwoc md hinh tién hoa) ta co thé tinh p;;(t), 1a
X&c suat chuyén tir trang thai i sang trang thai j sau thoi gian tién hoa t bang céach

tinh ham mti ma tran:
P(t) = {p;j(t)} = e¥ (1.2)
Ma tran xac suat chuyén trang thai P(t) chinh 1a chia khéa dé tinh likelihood
trong cac phwong phap xay dung cay tién hda theo ML.
1.3.3.3 M@t s6 mo hinh bién @6i nucleotide

Bang 1.4 liét k& cac mo hinh bién d6i nucleotide dién hinh thudc 16p thuan
nghich thoi gian. Ta nhan thiy GTR [85,97] 1a md hinh tong quat nhat vai 8 tham sb

tu do. JC69 [43] 12 mé hinh don gian nhat, né khdng chira mot tham sé ty do nao.

Bang 1.4. C4c tham s tu do caa mot sé6 md hinh bién ddi nucleotide dién hinh.

Tén mé hinh Céac tham s ty do trong ma tran Q
GTR (general | 8thamsb 1a: a,b,c,d, e, m, T, TG
time reversible) | (via+b+c+d+e+f =1, my+ nc+ w5+ mp = 1)
TN93 S5thamsdla:a=c=d =f,b = e, ma, ¢, g
HKY85 Athamsdla:a=c=d =1,b=e = k,ma, ¢, TG
F84 Giong HKY85
F81 3tham s6 14 : ma, ¢, g
(a=c=d=f=b=¢)
K80 1 tham sb vi:
a=c=d=f=1b=e=kvanm, = n¢c = ng = Ny
JC69 0 tham s6 Vvi:
a=b=c=d=e=fVvam, = nc = g = Ty

1.3.3.4 Tinh khéng dong nhat ciaa toc d bién déi giira cac vi tri trén chudi

Cac md hinh trinh bay & phan trudc déu gia sir cac vi tri trong chudi c6 cing téc
do tién hoa. Trong thuc té, tdc do bién d6i nucleotide co thé khac biét dang ké & cac

vi tri khac nhau trén chudi. Vi du, trong cac gen ma hda protein, cac vi tri thi 3 trong
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codon thuong bién ddi nhanh hon céc vi tri thir nhét, c&c vi tri tht 2 thi bién d6i cham
hon 2 vi tri kia. Dé tinh toi tinh hudng nay, cach phd bién nhat 1a coi téc d6 bién doi
& mdi vi tri 1a mot bién ngiu nhién c6 mot phan bd thong ké nao do6 [42]. Tiép can
hay gap nhat 1a phan bé gamma (+T) [96,98] véi ki vong bang 1.0 va phuong sai
bang 1/a [50] do nd dé dién giai va né khép véi dir liéu thuc [100], tir d6 ¢ cac mod
hinh tién héa JC69 + ', HKY85 + I hay GTR + I. Khi diéu chinh tham s6 «, hinh
dang caa phan b T ¢6 thé ¢ dang tir hinh chudng (a > 1) cho téi hinh chit L (@ <
1), do d6 c6 thé biéu dién duoc cac muc d6 khac biét te do khac nhau gitra céc vi tri
trén chudi. Bé giam chi phi tinh toan, cac phuong phap gan day sir dung mo hinh
gamma roi rac, trong d6 phan bd lién tuc duoc xap xi bai k 16p toe d6 [98]. Bén trong
mdi 16p, tat ca céac toc do s& dugce thay bang ki vong hoic trung vi cua 16p. Tuy khéng
phd bién nhu phan bé T, cac phan bd khac ciing di dugc khao sat [87,102]. Cach tinh
likelihood khi mé hinh c¢6 tinh dén kha ning khéc biét tc d6 bién d6i gitra cac vi tri

duoc trinh bay chi tiét trong [26].

1.3.4 Tiéu chuan hep ly nhat (maximum likelihood — ML)

Co s& caa tiép can hop ly nhat: ML duoc phat trién bai R. A. Fisher trong
thap nién 1920 nhu mét phuong phap luan théng ké dé wdc lugng cac tham s chua
biét trong mot mé hinh. Ham likelihood duoc dinh nghia 14 xac suit cua dir liéu khi
biét cac tham s6 nhung lai thuong duoc xem 1a ham cua cac tham sé khi dir ligu da
quan sat dugc va cd dinh. Uéc lugng hop 1y nhét 13 nhitng gia tri caa tham sb 1am
cuc dai likelihood. Thong thuong, ude luong hop 1y nhat dugc tim thay bang cac

thuat toan toi uu hoa 1ap caa phuong phap sé.

Xay dung cay tién hoa theo ML: Thuat toan dau tién phan tich dit liéu chudi
DNA theo ML duoc Felsenstein phat trién [20]. Phuong phap nay hién dang dugc st
dung rong réi nhd vao sy gia ting sic manh tinh toan caa may tinh va phan mém va
nho viéc cac md hinh tién hoa ngay cang thuc té hon. Luu ¥ rang dé udc luong cay

tién hoa theo ML can hai budc téi wu: (i) voi mot cau tric phan nhanh cu thé, téi vu
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cac tham sé cia md hinh tién héa va t6i vu do dai cac canh dé tinh diém likelihood
va (i) kham pha khong gian cau tric phan nhanh dé tim cau trac phan nhanh lam cyc
dai ham likelihood. Suy luan cay theo ML tuong dwong véi viéc so sanh nhiéu gia

thuyét théng ké cé cing so luong tham sd.

Tinh toan likelihood cho mét cay cu thé theo cac mé hinh bién d6i khéac nhau
duoc giai thich trong [22,101]. Do gia thiét vé tinh doc lap giita tién hoa cua cac vi
tri trong chudi, likelihood cua cay trén sap hang duoc tinh bang tich likelihood cua

cay cho tirng vi tri.

Trong Hinh 1.6, ta xét mot vi du da duge don gian hda dé minh hoa cach tinh
likelihood cuia cay tai mét vi tri sap hang 4;, vai tap trang thai gia dinh € = {G, C},
s6 luong loai n = 2 va md hinh tién hoa c6 cac tham sé da xac dinh. Viéc dau tién
khi tim likelihood caa cay trén sip hang la dat gc trén mot canh bat ki cua cay.
Truong hop ndy, ta chi c6 mot cach 1a dat ge trén canh ndi 2 dinh 14, goi cay vi du

lacayT.

t1 to

Hinh 1.6. Mét cay T don gian dé minh hoa céch tinh likelihood cua cay tai mot vj tri sap
hang.

Ta co likelihood cua cdy T tai A;:

L(T|A;) = P(A;|T) = P(goc = G|T) + P(goc = C|T)
= P(g68c = G) pgc(t1) pec(tz) + P(goc = ) peg(ts) pec(tz)
hay L(T|A;) = g pec(t1) Pac(t2) + me pea(tr) pec(ts) (1.3)

Trong (1.3), mg, m¢ lan luot 12 thn suat cua céc Ky tu trang thai G, C duoc cho
trong md hinh tién hoa; pgg(t1), Pec(tz), Pec (1), Pec(ty) duoc tinh theo cong thic
(1.2) khi dugc cho mé hinh tién hoa.
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Sau khi d3 thiét 1ap duoc biéu thirc cua likelihood theo d6 dai canh, ta diéu chinh
d6 dai tirng canh dé 1am cuc dai likelihood. Véi dit lidu thuc, viéc khao sat do dai
canh thuong duoc thuc hién nho phuong phap sb, chiang han bing phuong phap
Newton-Raphson [63].

Céc phan mém ML hién dai phan tich cay tién héa gom c6 PhyML [34], RAXML
[79], GARLI [105] va IQ-TREE [59]. Chiing khdng chi tinh toan nhanh hon ma con

hiéu qua hon nhitng phan mém trudc kia trong viéc tim kiém cay c6 likelihood cao.

Viéc tiéu chuan MP (khdng ¢ md hinh tién hoa rd rang) hay tiéu chuan ML
(v&i mot mod hinh tién hoa rd rang) 1a tot hon cho phan tich cay tién hoa van 1a cha
dé gay tranh cai trong khoa hoc tién hda. Cang ngay tam quan trong cua cac phuong
phap suy luan dua trén mo hinh cang dugc thira nhan rong réi. Tuy nhién, tiéu chuan
MP van duoc st dung: khong phai do n6 dugc cho 1a khdng can gia thiét, ma do n6

thuong mang lai két qua hop ly, d& hiéu va giai thich va né hiéu qua vé mat tinh toan.

1.3.5 M@t s ky thuat bién déi cuc bd trén cay dung trong xay dwng cay
tién hoa

Do bai toan xay dung cay tién hoa theo tiéu chuan MP dugc xép vao 16p NP-
day dua [32] con theo tiéu chuan ML dugc xép vao 16p NP-khé [10], tiép can phd bién
la sir dung cac phuong phép gan ding. Bé di chuyén trong khdng gian tim kiém
(khdng gian cay), cac phuong phap nay thuong cé tha tuc leo ddi nhu sau: dau tién
tao Mot cau triic cdy, sau d6 bién doi né timg budc dé cai thién dan diém sb cua cay
theo tiéu chuan t6i vu dugc chi dinh. C6 mét 16p cac ki thuat hay dugc ding dé cai
thién loi giai trong céc thuat toan xay dung cay tién hoa cd lién quan téi viéc x40 tron
cau trdc cay, con dugc goi 1a hoan-doi-canh (branch-swapping) [50]. Cac ky thuat
nay s& cat mot hay nhiéu goc cua cay (cac cay con) va ghép chung lai dé duoc cay
khac cuc bo so véi cay ban dau. Ba ki thuat hoan-ddi-canh (minh hoa trong Hinh 1.7
tham khao tir [50]) tir don gian nhat dén phuec tap nhat 1a: (i) hoan ddi hang x6m gan

nhét (nearest-neighbor interchange — NNI), (ii) cat va ghép cay con (subtree pruning
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and regrafting — SPR) va (iii) chat doi va ndi lai (tree bisection and reconnection —
TBR). Luu ¥ rang trén mot cay ban dau, tap cac xao tron NNI &ng vién 1a tap con cua

tap cac xao tron SPR trng vién; day lai la tap con cuia tap cac xao tron TBR tng vién.

F céy ban dau

C, D
A
E
D 5 C D

/ P A
A E H G //
B

H

! ,C ! E
B o B |
D AL F
H a 0 ¢
Nearest Neighbor Interchange (NNI) Subtree Pruning + Regrafting (SPR) Tree-Bisection + Reconnection (TBR)

Hinh 1.7. Ba k¥ thuat xao tron cau tric cay (NNI, SPR va TBR) trén canh t6 dam cua cay
ban dau. V&i SPR va TBR, tit ca c4c cip canh danh dau bang vong tron nho trén 2 cay con
s& duoc ndi véi nhau (cac duong ké dat), trir phép ndi 2 hinh tron den véi nhau vi n6 s& tao

ra cdy ban dau. Ngudn: [50].

1.4 Giéi thiéu phwong phap bootstrap trong thong ké

Bootstrap [15] 1a k¥ thuat trong thdng ké dé udc luong theo cach thuc nghiém
muc d6 bién thién cia mot ude luong. N6 léy mau c6 hoan lai tir mau ban dau dé tao
ra mot mau hu cdu c¢6 cung kich thuée.

Gia sir mau goc c6 m diém dix lidu x = (x4, x5, ..., X,,,) duoc sinh doc 1ap tur
phan bé F(8) phu thudc vao tham sé 6. Tir mau gbc ta tinh duoc wéc luong 6 =
t(Xy, X, ..., X,n) Cho tham s6 8. Ta muédn biét mirc d6 bién thién cua phan b cua wdoc
lwgng ndy. Viéc nay trude khi phuong phap bootstrap ra doi 1a khong thé thuc hién
duoc néu phan bd F chua biét hoic ham ude luong t(x) phirc tap vé mit toan hoc
[16]. Bootstrap suy luan ra bién thién nay bang cach si dung mau gdc, thong qua viéc
sinh ca&c mau mai khong phai tir F ma tir phan bo thuc nghiém F cho cac diém di
lidu trén miu gbe [22]. Sinh mot mau cung ¢& m tir phan bd F ciing giéng nhu 1y
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mot mau cac diém (xi,x3, ..., x5,) tir chinh miu géc. MAu nay duoc goi 1a ban sao
bootstrap x*. Tl ban sao ta ciing tinh dugc udc lwong cho tham sb 8* = t(x*). bé
thay mtrc do bién thién cua cac udc luong cho 6, ta chi can sinh that nhiéu ban sao
bootstrap va 1am wéc luong trén d6. Cac nghién ciru di chi ra rang, m 16n va lam
phan tich bootstrap véi s6 luong 16n ban sao s& cho bién thién chinh xéc cua cac wdc

lugng cho 6.

Mot vi du don gian minh hoa viéc sir dung bootstrap trong théng ké 1a tim
khoang tin cay 95% cua trung vi. Ta biét ring khdng c6 ly thuyét thong ké nao cung
cap giai phap dé xac dinh khoang tin ciy 95% cua trung vi. Ta s& thuc hién bai toan
nay trén sé lidu vé diém tong két mon xac suét thong ké cia m = 15 sinh vién nhu
sau:

Vi du minh hea

x = (10,4,8,5.5,5,3.5,5,4,6,8,4,4.5,5,7,7)

Ta tim duoc trung vi cia mau goc nay 1a 8 = 5.

Sinh mau bootstrap 1: Ta ldy mau c6 hoan lai 15 lan cac phan tir trong mau gbc
dé tao mau bootstrap x*; va tinh trung vi caa no.

x'y = (10,5,5.5,4,4.5,7,3.5,7,8,6,10,4.5,7,4,8): 67 = 6

Sinh mau bootstrap 2: Ta ldy mau c6 hoan lai 15 lan cac phan tir trong mau gbc
dé tao mau bootstrap x*, va tinh trung vi caa no.
x*, = (7,7,35,6,5,4,5.5,7,4.5,7,6,5.5,4,5,5); G = 5.5
Str dung cac phan mém thong ké hién dai (vi du RStudio cho phép phan tich sb
lieu bang ngbn ngit R), ta dé dang lap lai 1000 lan viéc sinh mau bootstrap nhu trén
(B = 1000). Nho do, ta thu duwoc mot phan b cua cac trung vi bootstrap, that ra la
1000 sé trung vi. Sap xép cac sé nay tir thip dén cao. Chon sb & hang 2.5% va 97.5%

ctia 1000 s trung vi. Pay chinh 1a khoang tin cay 95%.
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Két qua cua vi du nay thuc hién trong RStudio: khoang tin cay 95% cua trung

vi 14 (4.5; 7) . Phan bé cua 6* duogc vé trong Hinh 1.8.

[ I I I
4 5 6 7

trung vi

300 500
| |
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|

Hinh 1.8. Minh hoa phan bé cuaa trung vi mau tim bang phuong phap bootstrap.

1.5 Xay dwng cay bootstrap tién hda
1.5.1 Gioi thiéu

Theo téng thé phan tich tién hoa trinh bay trong phan 1.2, phwong phap
bootstrap dé xuét bai Felsenstein [21] ¢ muc dich xac dinh d6 hd trg thong ké cho
cay t6t nhat tim dugc ¢ budc xay dung cay tién héa. O ddy, dé van dung k§y thuét
bootstrap vao phan tich tién hoa ta can phai biéu dién mau gbc (sap hang gbc) dudi
dang céc diém dit liéu duoc léy mau doc lap. Do khong thé coi céc loai la cac diém
dir liéu doc 1ap, mdi vi tri sép hang s€ 1a tng vién tdt cho vai tro diém dit liéu.

Phuong phap bootstrap chuan tién hanh nhu sau: Vi sap hang géc kich thudc
n x m (Vi n 1asé loai, m 12 s6 vi tri trong sap hang), 1ap lai B lan viéc sinh sip hang
bootstrap c6 kich thudc gidng hét sap hang mau bang cach lay mau c6 hoan lai cac vi
tri cua sap hang goc m 1an, ta thu duoc B sip hang bootstrap. Sau do, ta xay dung cay
tién hoa doc 1ap cho mdi sap hang bootstrap (goi la cay bootstrap) theo cung cach da
xay dung cay tién héa cho siap hang goc. Thuong thi sau khi thu dugc tap cay
bootstrap, ta tién hanh thém budc gan cho mdi canh trong cua cay xay dung trén sip
hang gdc gia tri hd tro bootstrap tinh bang ty 1¢ cay bootstrap c6 chira canh do.
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Quy trinh 1am phan tich bootstrap trong phan tich tién hoa xuit phat tir mot sip
hang da chudi duoc minh hoa & Hinh 1.9. Theo két qua minh hoa thi, vé mat tién hoa,
“Ngudi” gan voi “Tinh tinh” hon “Dudi woi” va “Khi dot”. Gia tri hd tro bootstrap
cta viéc ghép nhom (phan hoach) nay la 67%, tirc 1a nhom (“Nguoi”, “Tinh tinh”) cé
mit trong 67% tong sd cay bootstrap.

M@t s6 khai niém

Dudéi diy 1a mot s6 khai niém lién quan téi bai toan xay dung cay tién hoa
bootstrap.

—  Sdp hang goc (original alignment) 1a dix liéu vao (chudi sinh hoc cho n loai)
dudi dang ma tran n x m (mdi loai ung véi mot hang, tirc mat chudi m ky tu)
dé xay dung cay tién hoa.

—  Sdp hang bootstrap (bootstrap alignment) 1a sap hang dugc sinh nho 1iy mau
khong hoan lai m 1an cac cot cua sap hang gbc. Do d6, né ciing 12 ma tran kich
thuéc n X m, mdi hang tng véi mot loai.

—  Cdy ding (true tree) 1a cdy thé hién dung lich sir tién hoa véi cdu tric cay dung
va tat ca cac do dai canh dung. Day la cay gitip hinh thanh nén cac chudi trong
sdp hang gdc tir mot chudi t6 tién chung. Trong thuc nghiém mod phong (vi du
trong 1.5.3.2), cay dung dugc chon trudce theo ti€u chi nao do, sau d6 duoc dung
dé sinh sdp hang gbc mé phong. Trong thue nghiém véi dir liéu thuce, ta khong
biét ciy diing.

—  Canh ding (true branch) 1a mot phan hoach thudc vé cay dung.

— M0 hinh tién héa ding (true model) 1a mo hinh gitip thé hién ding qué trinh
bién doi giita cac ky tu trang thai trong lich sir tién hoa dé hinh thanh nén cac
chudi trong sap hang gdc tir mot chudi t6 tién chung. Gibéng véi ciy ding, trong
thue nghiém mo phong, mé hinh tién héa dung dugc dung dé sinh sip hang gc
mo phong. Trong thuc nghiém véi dit liéu thue, ta khong biét mé hinh tién hoa

ding.
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Sép hang géc Cay t6t nhat trén sap hang gdc

Ngwoi  G@c A T

Tinhtinh cc o T Xay dung
Khidét Gcllc a T -
Pudivoi clllc A T cay tién hoa

Buéc 1: Sinh cac
sap hang
bootstrap

Nguéi G Ngw&i
Tinhtinh Tinh tinh Tinh tinh
Khidét G Khi d6t Khi dét

Pudiweoi C Pudi woi Pudi woi

Budc 2: Xay dung cay
tien hoa cho méi sap ay ay
hang bootstrap bootstrap 3

of Ngwwi Tinh

Tinh
tinh

of Ngwoi

Budc 3: Tim % cay
bootstrap hd trg mgt
canh cu thé trén cay tot
nhét cho sip hang géc

Pudivo] Ngwyi Tinh
tinh

Hinh 1.9. Minh hoa 3 budc lam bootstrap chuan phi tham s. Sap hang géc ¢6 4 taxa voi
10 vi tri sap hang. Trong vi du nay, ta lam bootstrap tién hoa v4i 3 ban sao (B = 3). Phén
tich thuc té thuong can téi 1000 ban sao bootstrap (B = 1000).

—  Cay tot nhdt trén sap hang goc (ciy goc, original tree) 13 két qua ctia mot thuét
todn xay dung cay tién hoa theo mot tiéu chuin tbi vu duoc chi dinh (MP hodac
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ML). Chét lugng cua thuat toan s& quyét dinh ciy nay c6 gan véi cay toi uu toan
cuc theo ham chdm diém (diém MP hodc likelihood) hay khong.

Cdy bootstrap tién héa (ciy bootstrap, bootstrap tree) 1a cdy tot nhit trén mot
sap hang bootstrap.

Gid tri hé tro bootstrap (bootstrap support value) 1a mot sé thudc doan tir 0%
dén 100% gédn vao maot canh trong e(a, b) (twong tng vGi phan hoach L,|Ly)
ctia ciy goc sau khi 1am phan tich bootstrap. N6 duoc tinh bang phan trim ciy
bootstrap c6 chira phan hoach nay trong tap cay bootstrap.

Udrc lwong bootstrap (bootstrap estimate) 1a noi téi viée dung k§ thuat bootstrap
nhu mot cach dé tim ude lugng thdng ké cho xac suat thudc vé cdy dung cia
mdi canh trong. Theo d6 gia trj hd tro bootstrap 12 wdc lwong cho xac suat thudc
vé cay dung cta mdi canh trong.

D6 chudn xdc bootstrap (bootstrap accuracy) hay dg chudn xdc cia wée hrong
bootstrap (accuracy of bootstrap estimates) (xem Hinh 1.10) 1a thudc do thé
hién su khac biét gitta két qua udc luong bootstrap va xac suat thudc vé cay
dung. Do chuan xac bootstrap dung trong viéc danh gia mot phwong phap lam
phan tich bootstrap. Mot phwong phap cho két qua chéch, tic ludn gan cac gia
tri hd tro bootstrap cao hon cho xéac suat thudc vé ciy dung hodc ludén gan céac
gia tri hd tro bootstrap thip hon cho xac suit thudc vé cay ding dugc xem 1a
khong chuan xac. Mot phuong phéap bootstrap chuan xac can cho két qua khong
chéch: néu no gan do hod tro bootstrap 1a 95% cho mdt canh thi canh do phai c6
X4c suat thudc vé cay dung 1a 0.95. Ta phén tich d6 chuan xac bootstrap nhd
thuc nghiém mé phong (xem chi tiét trong phan 1.5.3.2).

Phwong phdp bootstrap chuan (standard bootstrap, viét tat 1a SBS) 1a phuong
phap tim ra tap cay bootstrap theo luoc dd chuan: khi dugc chi dinh sé ban sao
bootstrap 12 B, nd thuc hién B 1an xay dung cay tién hoa sir dung thuat toan

giéng nhau trén cac sap hang bootstrap nhung chay doc 1ap voi nhau.
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—  Phuwrong phdp bootstrap nhanh 1a mot phuong phép ciing dwya vao B sip hang
bootstrap détimra tap cay bootstrap nhung c0 thé khong can thuc hién doc lap
B lan xay dung ciy tién héa st dung thuét toan giéng nhau trén cac sip hang

bootstrap.
Y nghia gia tri hd tro bootstrap

Két qua tim khoang tin cay cho trung vi tim dwoc nhd ki thuét bootstrap & vi
du phan 1.4 duoc hiéu 1a: néu cé thé l1ay mau mai doc 1ap véi mau géc thi trung vi
tinh trén mau méi sé thudc khoang (4.5; 7) vai Xac suat 95%. Nghia 13, s6 95% la kha
nang 1ap lai (repeatability) cua uéc luong. Trong ngir canh phan tich tién hoa, theo
Hillis va Bull [39], muc dich ban dau cta Felsenstein [21] khi dé xuat lam bootstrap
tién hoa 1a nham danh gia kha ning lap lai (repeatability) cua cac canh trong cay tién
hoa (xem Hinh 1.10).

Tuy nhién, Hillis va Bull [39] d tién hanh thuc nghiém va di dén két luan rang:
gia tri hd trg bootstrap gan cho mét canh trong e nén duogc hiéu 1a wéc lugng cho xac
Suat dé e thuoc vé cay ding. Nghia 1a, néu canh trong e(a, b) néi 2 dinh trong a va
b dugc gén gié tri hd tro bootstrap x% thi phan hoach L,|L, tuong ¢ng cd xac suét
x% thudc vé cdy dung. Nghién cau cua Hillis va Bull [39] ciing chi ra riang dung
phuong phéap bootstrap chuan thi ta thu dugc gia tri hd trg bootstrap thap hon xac suét
thudc vé cay dung, Vi vay, mot canh c6 do hd tro bootstrap 70% c6 thé coi 1a canh
dung. Day ciing 1a cach hiéu dugc chip nhan rong réi trong thuc hanh caa khoa hoc
tién hoa.

Nhu vay, khi néi téi 6 chuan xac cua phuong phap bootstrap 1a ta so sanh tap
cay bootstrap voi cay dung. Con khi néi téi kha nang 1ap lai ctia phuong phap
bootstrap 14 ta so séanh tap cdy bootstrap véi mot tap cay tién hoa gia tuong ta s& xay

dung dugc néu cd thé thu thap thém sap hang gbc tién hoa tir ciing mot cay ding.
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Hinh 1.10. Minh hoa khai niém d6 chuan xéc; va kha nang 1ap lai khi lam bootstrap véi B
ban sao trén sap hang goc 1.

1.5.2 Phat biéu bai toan
Duéi day la phat biéu bai toan x4y dung cay tién hoa c6 1am phan tich bootstrap.

Dir liéu vao: Dir liéu dau vao 12 mot sap hang cua n chudi phan tir sinh hoc
(nucleotide/axit amin/codon) cua n loai, mdi chudi ¢6 m vi tri (ky tu), sau day goi la

sap hang gbc. Vi phan tich ML, dit liéu vao c6 thém mé hinh tién hoa.

Bai toan: Sinh B sip hang bootstrap. Theo tiéu chuan tdi wu da xac dinh (MP hoic
ML), xdy dung cay tién hoa cho sap hang gdc va cho ting sap hang bootstrap. Do ¢
nhiéu phwong phéap khac nhau cho két qua v6i do chuan xac ciing nhu thoi gian thuc
hién khac nhau, chung ta cin dé xuét cac phuong phap cho két qua chuan xéac voi thoi

gian thyc hién thip nhét c6 thé.

Dir lidu ra: Cay tién hoa tot nhat cho sap hang gdc va tap cay bootstrap. Thuong thi
tap cdy bootstrap s& dugc dung dé tinh gia tri hd tro bootstrap cho mdi canh trong

(tirc phan hoach, xem 1.1.3) ciia cdy tot nhat cho sap hang gbc.

43



1.5.3 CAc tiéu chi danh gia

Phan nay trinh bay hai tiéu chi quan trong nhat khi d4nh gia mot phuong phap

xay dung cay bootstrap tién hoa.

1.5.3.1 DPanh gia thaoi gian chay

Pay la danh gia don gian nhat. Ta do thoi gian chay cua ting phuong phap xay
dung cy bootstrap tién hoa trén cuing dit liéu vao trén cac may tinh c6 cuing cau hinh.
Do viéc lam phén tich bootstrap thuong di kem véi viéc xay dung cay (duyét tim cay
t6t nhat) cho sap hang gdc nén trong luan &n nay, thoi gian khao sat 1a tong cua thoi

gian xay dung cay cho sap hang goc va thoi gian 1am phan tich bootstrap.

1.5.3.2 Panh gia @ chuan xac cia wée lwong bootstrap

Viéc khao sat ¢ chuan xac cua phuong phéap bootstrap Z c6 thé duoc thyuc hién
thong qua thuc nghiém md phong. Tir mot cay dang 7999 ban dau va mot mo hinh
tién hoa M, ta sinh ra K sip hang mé phong bang céng cu md phong tién hoa nao do.
Luan &n st dung cdng cu Seg-Gen [69] - 1a cong cu md phong tién hoa tin cay nhat
hién nay. Vi mdi sip hang md phong A, , ta xay dung cay tién héa T 0t mhat | rjj
ding phurong phap Z dé 1am phan tich bootstrap (véi B ban sao bootstrap) nham tinh
gi4 tri hd trg bootstrap cho tirng canh trén T8¢ ™4 Tir cac canh cua tap K cay
T8t ™AL ta tinh ti 16 cac canh thudc cy dung T4 trong sé tat ca cac canh c6 gia

tri ho tro bootstrap x% véi x = 0, ...,100.

Do chuan xac cua mot phuong phap, Z, duoc dinh nghia boi f,(x), la ty 1é cua
s6 canh cO mit trong cay dung trong sb tat ca cac canh c6 gié tri hd tro bootstrap x%
(dém trén tit ca cac cay T5 ™ét) [39]. f,(x) phan anh xé&c suat mot canh vai gia tri
hd tro bootstrap x% la mot canh dung. Phuong phap Z dugc goi la khdng chéch néu
f2(x) = x% cho tat ca cac gia tri cua x. Khi v& do thi thé hién mai lién hé gitra f; va
gi tri hd tro bootstrap x%, d6 thi cia mot phwong phap khong chéch s& tring duong

chéo ndi diém (0; 0) va (100;100) (Hinh 1.11, dudong mau den). Puong cong cia
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f,(x) nim phia trén duong chéo c6 nghia phwong phéap bootstrap cho uéc luong thip
hon xac suat dang cta canh (tic 12 phwong phap nay bao thi) (Hinh 1.11, dudng mau
xanh). Nguoc lai duong cong cho fz(x) nam bén dudi duong chéo co nghia phuong
phap cho udc lwong cao hon xac suat dung cua canh (tic 1a phuong phap nay lac
quan) (Hinh 1.11, duong mau do). Luu ¥ 1a trong thuc hanh, ta chi quan tim dén
nhitng canh c6 gia tri hd trg bootstrap > 70%, do d6, chi phan tich mot phuong phap

dira trén nira bén phai cua do thi.

=
=
T Phuwong phap
) — Lac guan
5 8 - | — Baothi
i = [hing chéch
=,
]
=
cefld o |
=
O
[l
= =
= =
E
]
5 o |
= o
#2[
i
(W
[ =

| | | | |
0 20 40 60 80 100

Gia tri hé tro bootstrap x

Hinh 1.11. Vi dy d6 thi thé hién d6 chuan xac ctua phuong phap bootstrap lac quan (mau
do), phuong phap bao thu (mau xanh), phuong phap khong chéch (mau den). Ta chi phan
tich phan bén phai cua do thi (x >= 70).

Dé sinh sip hang gdc md phong cho danh gia d6 chuin xac cua cac phuong
phép bootstrap, luan an st dung céng cu Seq-Gen [69]. Vi dir liéu vao la cay dung
gia dinh 7449 mot m hinh tién hda M99 va céc tham sb kich thudc cho sap hang
mong muédn, Seq-Gen s& mé phong qué trinh tién hoa theo 7419 va M99 v tao ra
mét sap hang gbc. Seq-Gen c6 thé sinh siap hang md phong cho ca DNA va protein
vé6i nhiéu lya chon md hinh tién hda - bao gém ca md hinh cho tinh khong ddng nhat

cua téc do bién doi gitra cac vj tri trén chudi.
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1.5.4 Cac phwong phap hién tai

Trong viéc xac dinh d6 hd trg thong ké cho cay tién hda thi 1am bootstrap phi
tham s 1a ky thuat dugc cong nhan rong rai nhat. Do tinh toan theo SBS tén kém nén
nhiéu nghién ciru da dé xuat cac phuong an ding heuristic dé tang toc bootstrap. CAc
nghién ciru bootstrap nhanh tap trung cho phan tich theo tiéu chuan ML bai tinh toan
likehood phtc tap va boi xay dung cay tién hoa theo ML thudc I6p bai toan NP-kho
[20].

LAy mau udc lugng log-likelihood (resampling estimated log-likelihoods —
RELL) [36,45] Ia mot trong nhitng nghién ciru bootstrap nhanh tién phong. Trong do,
cac tac gia sur dung lai cac diém sé log-likelihood ciia mot cay T trén céc vi tri cua
sap hang goc dé wdc lugng log-likelihood cho T trén mot sap hang bootstrap (tic
diém RELL cuaa T trén sap hang bootstrap). Sau do, trén 1 tap hop vi du gom 3 cay
cho sip hang cua 4 loai, cac tac gia dung RELL d¢é tinh tan suat mdi cay la tét nhat
trén cac sap hang bootstrap. Ho quan sat thay két qua thu duoc Xap xi véi két qua tinh
theo SBS. Trong [4], RELL duoc van dung dé tinh xac suét bootstrap cuc bo (local
bootstrap probabilities — LBP) cho mdi canh trong cua cdy ML dua trén viéc so sanh
3 cau trdc NNI ¢ng vién cia canh nay. Céc tac gia dung thong tin thu dugc dé dinh
huéng thuat toan tim kiém. Khéc véi LBP, phuong phap kiém dinh ti 18 likelihood
xap xi (approximate likelihood-ratio test — aLRT) [5] va phién ban tong quét SH-
aLRT [33] van dung kiém dinh SH trén 3 cdy NNI nay. Cac phuong phap LBP va
SH-aLRT déu nhanh hon SBS nhiéu nhd bo qua phan téi wu mé hinh tién hda va phan
t6i wu do dai canh mdi khi phan tich sip hang bootstrap. Po hd trg chiing gan cho
mai canh chi ¢ nghia khi so sanh 3 cAy NNI tng vién lién quan va khong c6 y nghia
rd rang khi 4 cay con gan véi canh dang khao sat bi thay doi. SH-aLRT duoc cai dat
trong phan mém méa ngudén ma PhyML 3.0 [33].

Phuong phap bootstrap nhanh (rapid bootstrap — RBS) [81] cua RAXML [79]
c6 kha nang tinh do hd trg thong ké cho mdi canh trong véi y nghia sat v6i phuong
phap SBS. RBS duyét tim cay tét nhat theo ML cho mdi sap hang bootstrap bang mot
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phién ban th6 so cua thuat toan Lazy Subtree Rearrangement (LSR) [78] trong do:
ban kinh tim kiém leo d6i duoc thu nho, tim kiém leo ddi s& két thic sém néu khdng
c6 kha niang cho diém sé log-likelihood tét va budc téi wu tham sé mé hinh tién hoa
bi lugc bo. Thuc nghiém trén 22 sap hang thuc cho thay phan tich bootstrap bang
RBS nhanh hon SBS tir 8 t6i 20 1an; cac gia tri hd tro bootstrap tinh bai RBS ¢6 tuong
quan cao véi két qua SBS. Két qua phan tich dir liéu mé phong trong [56] cho thay
RBS gidng véi SBS ¢ xu hudng udc lugng bootstrap thdp hon xac suit dung cua
canh. Bootstrap nhanh duoc tich hop vao phan mém RAXML tir nim 2008 va tiép tuc
duogc duy tri trong phién ban cai tién ki thuat mai nhat 1a RAXML-NG [46] giéi thiéu

nam 2019 ¢6 hd tro linh hoat cho céc kién trlic song song hiéu ning cao.

Céac phuong phéap néi trén déu dua trén viéc lay mau mot phan cac vi tri trong
sap hang gbc (lay mau dir liéu) dé tinh do hd tro thdng ké cho cay tién hoa. Ngoai
tiép can nay, con cé cac phuong phap 14y mau cdy gap trong qué trinh duyét tim cay,
vi du nhu quartet puzzling [75,82] hay phan tich Bayes [70,99] tuy nhién chiing déu
c6 chi phi tinh toan 16n hon tiép can ldy mau dit liéu [56]. Cac phuong phap Bayes
(c6 phan mém tiéu biéu 1a MrBayes [70], BEAST [14]) ¢6 xu huéng cho d6 hd tro
thip hon XAc suat dung cta canh néu c6 vi pham md hinh hoic hién tuong da phan
[6,13,52,83].

Can phai néi thém rang cach dién giai do tin cay cua cac phan nhom trong cay
tir gia tri hd tro bootstrap va tir x4c suat hau nghiém theo Bayes la khac nhau. Viéc
lya chon trong hoan canh nhat dinh nén dung d6 hd tro ndo van 1a mét chu dé nghién
ctu 16n, ¢6 tinh triét hoc va phic tap [6,81]. Viéc thao luan so sanh cac phuong phap
luan 4n d& xuét véi cac phuong phap Bayes, do d6, khdng phai trong tdm cua luan an
nay.

Phuong phéap bootstrap si€u nhanh (Ultrafast approximation for phylogenetic
bootstrap — UFBoot; chi tiét trinh bay trong phan 2.3) [56] la dé& xuat méi nhat cho
tang tbc bootstrap. UFBoot tim ra tap hop xap xi két qua cua SBS nho két hop tiép
can lay mau dix liéu va tiép can lay mau cay. N6 thuc hién duy nhat mot lan duyét tim
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cay trén khong gian tim kiém gan vai sip hang géc bang thuat toan IQPNNI [49].
MJdi cay duyét trong khong gian cay gdc s& ngay 1ap tirc dugc cham diém RELL [45]
trén tirng sap hang bootstrap xem no c6 phai 1a cay tét nhat cho sip hang bootstrap
d6 khdng. UFBoot nhanh hon RBS trung binh 3 1an trén DNA va 10 lan trén protein.
UFBoot nhanh 13 do né tranh dwoc B 1an duyét tim cay trén B sip hang bootstrap va
tranh duoc viéc toi wu cac do dai canh va tham sé mé hinh tién héa khi tinh log-

likelihood cua mot cay trén mot sap hang bootstrap.

Ngoai ru diém vé thoi gian chay, UFBoot cho udc lugng bootstrap sat véi xac
suat dung cua canh néu dugc chi dinh md hinh tién hoa ding. Viéc UFBoot cho két
qua c6 do chuan xéac tot hon SBS khang dinh thanh cong caa thuat toan IQPNNI (chi
tiét trinh bay trong Phan 2.3.2) trong viéc khao sat khong gian cdy cua sap hang goc
theo tiéu chuan ML. Pay 1a dong luc dé ching tdi thiét ké thuat toan tuong tw cho

tiéu chuan MP trinh bay trong Chuong 3.

Nhu da gioi thiéu trong phan 1.3.2, phan tich tién hoa theo tiéu chuan MP ¢6
hai phan mém da nén tang tiéu biéu 1a PAUP [84] va TNT [31] déu hd tro phuong
phap bootstrap chuan. Phuong phap dé xuat trong Chuong 3 s& dugc so sanh véi cac

phuong phap nay.

BOOSTER [51], duoc c6ng b sau cac cdng trinh nghién ciru lién quan dén luan
an nay (do d6 khong dugc khao sat trong phan thuc nghiém) 1a mot céng thac méi dé
tinh d6 hd tro tir tap cay bootstrap chuan nham cai tién d6 chuan xac bootstrap. N6

c6 ma ngudn mé va ciing duoc tich hop vao RAXML-NG [46].

1.6 Két luan chwong

Phan tich cay tién hoa dya trén sip hang chudi phan tir sinh hoc déng vai tro
quan trong vi n6 1am phong pht thém hiéu biét caa ching ta vé cach gen, bo gen, cac
loai (va cac chudi phan tir sinh hoc n6i chung) tién hda. Nho phan tich cay tién hoa,
ta khéng nhitng hoc duoc qua trinh cac chudi tré thanh nhu hién nay, ma con hoc

duoc cac nguyén Iy tong quéat cho phép ta du doan chung s& thay doi nhu thé nao
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trong tuong lai. Do vay, n6 c6 nhiéu wng dung ca trong va ngoai sinh hoc. Mot s6

g dung tiéu biéu duogc tong hop trong cudn sach caa Herron va Freeman [38].

Lam bootstrap dé xac dinh do hd trg théng ké cho cay tién héa dang tré nén
khong thé thiéu trong céc cong trinh nghién ctru phan tich quan hé tién hda. Kho khin
I6n nhét khi 1am bootstrap trong phan tich tién hoa Ia chi phi tinh toan cao va con cao
hon nira véi phén tich ML va trén nhitng bo dir liéu lon ra doi nho cong nghé giai
trinh ty thé hé tiép theo. Luan an vi thé tap trung nghién ctiu cac phuong phap dung
heuristic dé cai tién toc do 1am bootstrap, ddng thoi tim hiéu giai quyét cac van dé

chung caa l1am bootstrap theo tiéu chuan MP va ML.
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Chwong 2 PHUONG PHAP UFBOOT?2 GIAlI NHANH BAI
TOAN XAY DUNG CAY BOOTSTRAP TIEN HOA THEO
TIEU CHUAN HOQP LY NHAT

UFBoot [56] 1a phuong phap nhanh tim loi giai chap nhan dugc cho bai toan
xay dung cdy bootstrap tién hoa theo tiéu chuan hop ly nhat. Chuong nay trudce tién
khao sat ludng tinh toan trong UFBoot, qua d6, dé xuit phuong phap UFBoot2 hiéu
qua hon vé mat thoi gian nho tinh nhanh likelihood cia cay. Ngoai ra, phuong phap
UFBoot2 con tich hop céc giai phap dé giai quyét hiéu qua cac van dé dir liéu va mo
hinh: hién tuong gan gia tri hd trg bootstrap cao cho cac canh khi dir liéu vao khong
c6 du thong tin tién hoa, dan téi kha ning cao ton tai dinh da phan (polytomy) hay
khi m hinh c6 vi pham gia thiét nghiém trong; va cai tién mé rong dé cé thé phan

tich sap hang nhiéu gen.

2.1 Gié6i thiéu vé xay dung cay tién hoa theo tiéu chuan hep ly
nhat

Khai niém d6 hop ly (sau day goi la likehood) thuong dung trong khoa hoc tu
nhién khi duoc cho dit liéu D va can phai ra quyét dinh vé mét giai thich hop 1y vé
d liéu.

Trong phan tich bootstrap tién hda theo tiéu chuan hop Iy nhat (maximum
likelihood — ML), viéc xay dung cdy tot nhat cho sip hang goc va viéc xay dung tap
cay bootstrap déu sir dung tiéu chuan ML. Tac 14, mdi mii tén dam mau xanh trong
luge @6 minh hoa & Hinh 1.9 twong dwong véi mot 1an xay dung cay tién hoa theo
tiéu chuan ML. Phuong phap bootstrap duoc minh hoa trong Hinh 1.9 khi ay goi la
bootstrap chuan (SBS) theo ML.

Phan sau day sé& trinh bay vé xay dung cay tién hoa theo tiéu chuan ML cho A =
(X4, ..., X,,) 1a mot sap hang gom n chudi véi d6 dai m va sir dung mé hinh tién hoa

(hay ma tran toc d6 bién ddi tirc thi) Q. Chlng ta can xay dung mot cay tién hda T c6

50



thé giai thich mot cach hop ly nhat qua trinh bién d6i thanh cac chudi trong A theo
cay T va md hinh bién d6i Q. Hay néi cach khac, H = (T, Q) la mot gia thuyét giai
thich qua trinh bién d6i thanh cac chudi X; theo cay T va md hinh Q. Ching ta can
tim gia thuyét c6 likelihood (tinh hop ly) cao nhit.
Pé xay dung cay T giai thich hop ly nhat sap hang A dwa vao mé hinh tién hoa
Q, chiing ta c6 mét sé gia thiét sau:
e Qua trinh tién hoéa giita cac vi tri trén sap hang 1a doc lap voi nhau.
e Qua trinh tién hoa cua tat ca cac vi tri trén sap hang déu tuan theo mé hinh Q
vacayT.
Likelihood L(T, Q|A) cua cay T va md hinh tién hda Q dé giai thich sip hang A
duoc tinh theo cbng thac sau:
L(T,Q|A) = P(AIT,Q)
trong d6 P(A|T, Q) 1a x4c suat dé quan sat duoc dit liéu A véi diéu kién cay T
va mé hinh bién ddi Q 1a dung.
Do gia thiét rang qua trinh tién hda & cac vi tri trén sip hang A 1a doc l1ap va

gidng nhau theo cay T, likelihood cua cay T c6 thé duoc tinh chi tiét nhu sau:

LT, 014) = P, 0) = | [Peaur. ) (2.)

trong d6 A; 1a cot thir i trén sip hang A. Ta thay, L(T, Q|4;) = P(4; IT,Q) la
likelihood cuia cay T khi giai thich dix liéu tai vi tri tht i trén sap hang A theo mé hinh
tién héa Q.

Dé khong bi mat mat thdng tin khi tinh toan trén cac sb bé, thay vi tinh
likelihood, nguoi ta thuong tinh log-likelihood cua cay. Ky hiéu log-likelihood cua
cdy tinh trén ca sip hang l1a £(T, Q|A), tinh trén vi tri i cua sip hang 1a (T, Q|4;).

Ta co:
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£(T,Q14) = ) €(T,Q14) (2.2)

Nhu da gigi thiéu trong phan 1.3.4, xay dung cay tién hoa theo tiéu chuan ML
thue chat gom hai budc tdi wu: (i) véi mét cau trdc phan nhanh T cu thé, tbi vu céc
tham sé caa mo hinh tién hoa Q va tbi wu do dai cac canh dé tinh diém £(T, Q|A4) va
(ii) khdm phé khéng gian cac cau trdc phan nhanh tng vién dé tim cau tric phan

nhanh T* lam cuc dai ham log-likelihood.
T* = argmaxy {£(T,Q|A)}

Dbay la mot bai todn kho va phire tap, n6 thuoc I6p cac bai toan NP-kho [10].

2.2 Thuat toan pruning dé tinh likelihood cay

Phan nay tom tat lai phwong phap tinh likelihood trén mét md hinh tién hoa co
cac tham sb da xac dinh cho mot cdy da biét o dai canh theo hai cach: (i) st dung
dinh nghia va (ii) sir dung thuat toan pruning nhu duoc trinh bay trong [22] dé thay
duoc vai trd quan trong cua thuat ton pruning trong xay dung cay tién hoa theo tiéu
chuan ML. Vi du dua ra minh hoa viéc tinh toan cho cac chudi DNA nhung c6 thé

t6ng quét hoa cho tat ca cac mé hinh ky tu roi rac.

2.2.1 Tinh likelihood cho mgt cay theo dinh nghia

Gia str ta c6 mot sap hang DNA gom m vi tri. Ta duoc cho mot cay biét do dai
canh va mot mo hinh tién hda Q cho phép tinh cac xac suét bién doi trang thai trén
cay nay. Cu thé, md hinh cho phép tinh cac xac suat chuyén trang thai p;;(t), 1a xac
suat trang thai j s& ton tai ¢ diém két thic cua mot canh d6 dai t, néu trang thai ¢
diém bat dau cta canh 12 i. Luu ¥: dé tién loi t dugc goi 1a “thoi gian” trong luan &n
nay nhung né 1a d6 dai canh cha khong phai thoi gian thuc sy. Dé tinh likelihood, ta
can sir dung 2 gia thiét:

1. Viéc tién hoa cua cac vi tri khac nhau (trén cung 1 cdy) 1a doc 1ap.
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2. Viéc tién hoa caa cac canh khac nhau 1a doc 1ap.
Gia thiét dau cho phép phan ra likelihood thanh mét tich, mi nhan tir ang véi mot vi
tri trén sap hang nhu trong (2.1). Suy ra, dé tinh likelihood cho cay trén mét sip hang
ta chi can biét cach tinh likelihood cho cay tai mot vi tri don 1¢. Vi vi du trong Hinh
2.1, likelihood cho cay tai vi tri minh hoa 4; 1a mot tong, trén tat ca cac nucleotide
{rng Vvién co thé ton tai & cac dinh trong cua cay, cua cac X&c suat cho tirng ngi canh

bién cd:

P(4|T) = zzZZP(A, C,C,C G uv,zw|T) 2.3)

mdi tong chay trén tat ca bon nucleotide.

C C G

Hinh 2.1. Mét cay biét 6 dai canh va dit liéu tai mot vi tri don 1é trén sap hang. Vi du nay
dé minh hoa tinh likelihood bang dinh nghia va bang thuat toan pruning. Binh géc 13 u.

Gia thiét vé tinh doc 1ap cua viéc tién hoa tai tirng canh cho phép phan ré xac

suat ¢ vé phai cua (2.3) thanh mot tich cua céc nhan ta:

P(A, C' C, C' G' u,v,z, WlT) = P(u) puv(ts) va(tl) va (tZ)
Puz (t8) Pzc (t3) Pzw (t7)
Pwc(t4) Pwe(ts) (2.4)
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Trong thuc hanh, ta dat P(u) bang xé&c suét can bang cua ky tu trang thai u theo
md hinh bién ddi nucleotide. Nhitng xac suat khac dwoc tinh tir mé hinh bién doi
nucleotide theo cong thuc (1.2). Bién doi & mdi canh doc lap vai tat ca cac canh khac
néu Ky tu trang thai & diém bat dau canh iy da xéac dinh.

Biéu thirc (2.4) kho tinh toan do c6 nhiéu hang tir bén trong. Véi mdi vi tri sap
hang, ta tinh téng cua 4* = 256 hang tir. S6 hang tir ting theo ham mil so vdi b
lwong loai. Trén mot cay cb gbc co n loai, ta cd n — 1 dinh trong, mdi dinh trong c6

thé nhan mot trong 4 trang thai. Do d6 ta can 4™~ hang tu.

2.2.2 Tinh likelihood cho mgt cay theo thuat toan pruning

Thuat toan pruning [20] tinh toan hiéu qua likelihood caa cay nho sir dung tiép
can quy hoach dong. Y tudng 1a day céc ky hiéu tong trong (2.3) di cang xa cang t6t

va nhdm no trong cap ngoic khi ¢ thé.

PCAITY = ) 3 ") PO pus(ts) Puats) Puc(t2) Pualte) prc(ts)

Pzw (t7) Pwc (t4) Pwa (tS) (25)
tuong duong

P(AilT) = Z P(u) (Z puv(t6) va(tl) va(tZ))

X (Z Puz (t8) Pzc (t3) X (; Pzw (t7) Pwc (t4) Pw (tS) )) (26)

Viéc tinh toan theo (2.6) dién ra tir cap ngoac sau nhat ra ngoai. Piéu nay goi y
ludng tinh toan trong cay 1a huéng xubng goc.

Thuat toan pruning dua trén ham likelihood riéng phan caa mot cay con, ky hiéu
la L7 (x) véi x € {A, C, G, T}. Pay la x4c suat quan sat dugc moi thir tir dinh r trg dén
c4c 14, tai vi tri sip hang tht i, voi diéu kién 1a dinh r ¢6 trang thai x. Trong (2.6),

hang tir
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Pwc (ts) Pwe(ts)
Ia mét trong nhitng dai lwong nay. Co6 4 dai lugng nhu vay (ng vai cac trang thai khac
nhau tai dinh w. Biém mau chét cua thuat toan pruning 13, mot khi 4 con sé nay da
duoc tinh thi ta khdng can lién tuc tinh lai ching.

Thuat toan pruning tién hanh nho tinh toan dé quy ham L7 (x) tai mdi dinh trén
cay theo chinh ham nay nay tai cac dinh hau dué gan nhat. Gia st dinh r ¢6 2 hau dué
gan nhat 12 a va b, 1a cac dinh két thic cua cac canh c6 d6 dai t, va t, (nhu minh hoa
trong Hinh 2.2).

b

Hinh 2.2. Mot cay T dé minh hoa thuat toan pruning va pruning nhanh. N6 duoc dinh gc
ngau nhién tai diém r trén canh (a,b). Goc cach 2 dau canh khoang twong tng 13 t, va t,,.
Taco

L) = (Z pxs(tan?(s)) PRI @)
s y

Truéc khi bat dau tinh toan, ta khai tao likelihood riéng phan ¢ cac dinh 14 nhu

sau: néu dinh I h c6 trang thai A thi cac gid tri L cia dinh 14 d6 s& la

(L), 12(0), 13(G), L(T) ) = (1,0,0,0) (2.8)

Thuat toan bat dau tir mot dinh c6 tat ca dinh hau dué gan nhat déu 1a 14 (trong

cay luén cd it nhat mot dinh trong nhu vay). Sau d6 né 1an luot tinh cho cac dinh gan
gbc hon, chi 4p dung véi cac dinh cd tat ca hau dué gan nhét da duoc tinh likelihood.
Két qua 1a LT cho dinh gdc. Ta hoan thién viéc tinh likelihood cho vi tri sap hang nay
bang céch tinh trung binh ¢ trong sé trén tat ca 4 ky tu trang thai, st dung trong s6

la x4c suat tién nghiém theo md hinh xac suat:
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L = Z Ty L (%) (2.9)

X

Theo nguyén ly Pulley [20], khi Q thuan nghich, likelihood cia mét vi tri sap
hang i nao d6 khong thay d6i mién la t, + t, = t khong d6i. Noi cach khac, ta co thé
dit t, = 0 (di chuyén r téi a). Khi do, P(t,) = P(0) tré thanh ma tran don vi va két
hop (2.7) va (2.9) cho ta:

X

L= ) m @ | ) pe®LG) 210)
y

Vé co ban, thuat toan cua Felsenstein 1a thuat toan quy hoach dong. N6 c6 do
phtc tap thoi gian 1a 0 (nmc?), trong d6 n, m va ¢ lan luot 12 s6 chudi, sb vi tri sap
hang va s ky tu trang thai (dit liéu DNA thi c=4). D6 phuc tap khéng gian 12 0 (nmc)

nham luu cac vector likelihood riéng phan cho tat ca cac dinh trong cua cay.

Nhu vay, thuat toan pruning cho phép tinh nhanh likelihood cua cay. Véi cac
cay khong gbc va vai mo hinh tién héa cé tinh thuan nghich thoi gian thi likelihood
khong thay doi khi ta dinh géc ¢ céc canh khac nhau trong cdy. Khi dinh gbc & gitra
mot canh nao do, ta c6 thé ap dung cdng thic dé quy vé 2 dau cua canh va tinh
likelihood cua cay rat nhanh véi mot d6 dai cu thé cua canh nay. Didu d6 c6 nghia la
ta ¢ thé nhanh chong tim likelihood cuc dai khi cho bién thién d¢ dai cua mot canh
trong mét cau tric cy cho trudc (va cd dinh do dai tat ca cac canh khac). Khi ta luan
phién lam viéc nay vaéi cac canh khac nhau trong cay, ta s€ nhanh chong tim dugc do
dai tdi vu cua cac canh (ing véi cau triic cay do). Vai bai toan xay dung cay tién hoa
theo tiéu chuan ML, thuat toan pruning cho phép danh gia mot cach hiéu qua cac bién

ddi cau trac cuc bd.
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2.3 Thuat todn UFBoot

2.3.1 Tom taty twéng

Y tuong chinh cua UFBoot (Thuét toan 2.1) la gitt lai cac cay duyét khi thuc
hién tim kiém trén sap hang gdc va tinh likelihood cho ching trén cac sip hang
bootstrap. Dé tang tdc do tinh toan likelihood hon nira dbi véi cac sap hang bootstrap,
UFBoot sir dung chién lugc lay mau udc luong log-likelihood (RELL) [45]. Pdi Véi
mdi sap hang bootstrap, cdy c6 diém RELL cao nhét biéu thi cay bootstrap theo ML.
Trai nguoc véi SBS, UFBoot khong ti wu cdy nay. Su khac biét giita UFBoot va
SBS trong gia tri hd trg bootstrap gan cho cac canh la do UFBoot va SBS chon cay

bootstrap theo cach khac nhau.

2.3.2 Thuat toan IQPNNI

Trong thuat toan UFBoot, viéc lay miu cay trén sip hang gbc duogc thyuc hién
nho thuat toan IQPNNI [49]. IQPNNI (tém tat trong Hinh 2.3) sir dung thuat toan
BioNJ [27] ghép hang xém dua vao khoang cach dé xay dung cay khai tao va ding
thuat toan fastNNI [34] dé téi vu likelihood va cap nhét cay tot nhat Tt nhat,

IQPNNI dung mét chién lugc thong minh dé thoat khoi cuc tri dia phuong. Khi
fastNNI khong tim dugc likelihood tét hon, IQPNNI tao ra cdy méi T* bang cach x6a
ngau nhién mot s6 loai khoi cay Tt0 ™4t say d6 chén chung vao cay bang IQP - mot
thuat toan nhanh khai thac cac cau tric phan nhanh khéng goc 4 14 (quartet) tinh tur
dit liéu. Thuat toan tiép tuc toi vu T* bang fastNNI dé thu dwoc cay T**. Cay Tt0t nhat
duoc cap nhat bang cay T** néu cay T** c6 likelihood t6t hon. Thu tuc IQP theo sau
1a fastNNI duoc l3p lai theo sb vong lip do ngudi dung phan mém chi dinh hoic theo

diéu kién dirng ma thuat toan cai san dua trén thong ke.
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Nguoi dung hoic thuat toan xac dinh s6 vong 13p — iy 4x
Khai tao bién dém vong lap i:= 0
Tao mot ciy ban dau bang BioNJ rdi tdi uu bang fastNNI — Tt6t nhat
v
i:=i+1
Xb6a mdi |4 ciia T ™Mt yi x4c SUdt pae; € (0;1)

Cheén lai cac 14 di x6a bang IQP — T*

v
Téi wu T* bang fastNNI — T**

f(T**) > 1’p(th”)tnhé{t)?

SAl

A

Tt6t nhat = T**

SAl

f)

W

Durng va tra vé Ttot nhit

Hinh 2.3. So db khéi thuat toan IQPNNI.

2.3.3 Cong thirc RELL

Ky hiéu A%2t2 13 sip hang gbc cua n chudi va m vi tri; cac vi tri nay duoc nhém
thanh c&c mau-vi tri Dy, D,, ..., D, Véi tan suat tuong tng 12 d,, d, ..., d,. Biém log-

likelihood cho cau trdc cay T khi biét A9t qugc tinh boi cong thuc:

k
£(T|A%t%) = Y ¢(T|D,) x d
; (2.11)

trong d6 £(T|D;) 1a diém log-likelihood cho cay T tai mau-vi tri D;, dugc tinh toan
hiéu qua véi thuat toan pruning [19,20]. Thuat todn ndy da dugc trinh bay ki & phan
2.2.
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Véi mot cay T da duoc tinh diém log-likelihood tai cAc mAu-vi tri caa sap hang

géc, chién lwoc RELL cho phép ta tinh xap xi diém log-likelihood cua T trén sap hang

bootstrap AP°°tstTaP cyc nhanh chi vai phép tinh tong:

k
f(TlAbootstrap) ~ 2(T|Abootstrap) — z f(TlDi) % d?ootstrap

i=1 (2.12)

Trong d6 d.°°**"*" 14 tan suit cua D; trong AP°°tstra?  Nhg vdy, ta tranh dugc viec

goi t6i thuat toan pruning khi tinh log-likelihood cho T tai mdi mau-vi tri cua

Abootstrap

2.3.4 Gia ma caa thuat toAn UFBoot

Thuat toan 2.1. Thuat toan UFBoot

Dir liéu vao: Sap hang goc A%4t¢ gdm n chudi (taxa). M6 hinh tién hda Q cho phép
tinh cac xac suat bién d6i trang thai trén cay.

Dir liéu ra: Tap cay bootstrap. Cay ML xay dung cho A%%@ dugc gan cac gia tri
hd tro bootstrap cho mdi canh.

Bit dau

1)

2)

3)

Budc khoi dau: Tao B sip hang bootstrap, A4, A,, ..., Ag. Vi mdi sip hang
bootstrap A, khai tao cay bootstrap T,: = null va diém RELL bootstrap
P(T,|A,): = —oo. Khai tao mot tap ciy S: = {} va ngudng log-likelihood
Cinin = —00.

Budc kham pha: Tién hanh tim kiém cdy str dung thuat toan IQPNNI [49]
cho sip hang gbc A4*2 . M&i khi duyét mot cdy moi T € S thoa mén
£(T|A%t) > ¢ . thém T vao S vatinh 2(T|A,), chocac b = 1, ... ,B
dua trén (2.12). Néu 2(T|4,) > 2(T,|A4,), cdp nhat T,,: = T.

Khi hét mdi luot lap tim kiém cua thuét toan IQPNNI, cap nhat €,,;,.
Budc tom tit: Xay dung mot cdy dong thudn tir cac cdy bootstrap
{T,,T,, ..., Tz}, hodc tinh va gin gia tri hd trg bootstrap 1én cdy ML ma
IQPNNI tim dugc cho 444t

Két thuc
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2.3.5 Thuat toan pruning wée lwgng dé dai canh

Dé tinh log-likelihood £(T|A%#t@) cho mét cau tric phan nhanh T cu thé trén
sap hang goc A4%t@ UFBoot duyét cac dinh trong T dé t6i vu mdi 1an mot canh bang
phuong phap Newton-Raphson [63]. Duyét cay duoc lap lai tai khi log-likelihood hoi
tu. Trong qua trinh nay, thao tac phd bién Ia tinh £(T|A%4¢) khi biét canh (a, b) ndi
dinh a va b c¢6 d6 dai t. Boi (2.10) duoc ap dung lap lai khi téi wu t, ta can tinh sin
céc vector likelihood riéng phan L¢(.) va L2 (.) dé tiét kiém tinh toan. Thuat toan
2.2 tom tét viéc toi wu t nho tinh sin cac vector L theo thuat toan pruning. Chi phi

tinh toan cho (2.10) la mc? vé&i mot do dai t cho truéec.

Thuat toan 2.2. Thuat toan pruning udc lugng do dai canh

Dir liéu vao: Sip hang goc A9%t% gdm n chudi (taxa): md hinh tién héa Q; cay T
c6 do dai canh; canh (a,b) can téi vu do dai canh
Dir liéu ra: Cay T c6 canh (a,b) da duoc t6i uu va log-likelihood twong (ng cho
cay
Bat dau
1) Thuc hién duyét cac dinh trong cdy theo thir ty sau dé tinh cac vector
L cho tat ca cac dinh dua trén cac vector L cta hau dué sir dung (2.7).
2) Lap vai tung gié tri cua t theo Newton-Raphson téi khi log-likelihood
hoi tu:
e Van dung (2.10) dé tinh £(T|A9%%) cho t méi biét rang L% va
[P da dugc tinh trudce do.

Két thic

2.4 Peé xuat thuat toan UFBoot2

2.4.1 Cai tién téc dd
Chung t6i d& xuat mot phién ban hiéu qua hon vé mat tinh toan cho thuat toan
pruning cua Felsenstein [20]. Gia sir md hinh tién hoa caa chudi 1a mé hinh Markov
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thuan nghich. Khdng mét tinh tong quat, dudi ddy ching toi s& trinh bay phuong phap
dé xuat nay cho cac chudi DNA véi céc ky tu trang thai 1a {A, C, G, T} va cac toc do
1a doc 1ap va cung phan bé.

2.4.1.1 Phan tich gia tri dac trung

Trudce khi giai thich vé phién ban dé xuit cho viéc cai thién toc do tinh toan
chiéu dai canh, luan &n s& bit dau véi mot diac diém cu thé ciia ma tran toc do thuan

nghich va dang bién ddi trong tu cia no.

Goi Q la ma tran téc do cua md hinh thuan nghich thoi gian tong quat [48] va
11 = diag(m,, e, Mg, Tr) 1a ma tran chéo cua tan suit trang thai can bang. Ta ¢, ma

tré,n
Q1 — n1/2 . Q . H—1/2

1a ddi xiing véi cac gia tri diac trung thuc va cac vector dic trung thuc. Ngoai

ra, ta c6 thé tinh mot ma tran truc giao W tir cac vector dic trung cta Q, sao cho
A=WT Q- W, vsiWT-W =1 = diag(1,1,1,1).
A la ma tran chéo véi cac gia tri dac trung cua Q, (va ciing la cua Q).
Ta thu duoc
A=WT-[v2.Q - 1-V2.w
Do tinh két hop ctua phép nhan ma tran
wT.m2.q-12.w =1.

Do dé, Ut =WT-1"?vaU =1"Y?-W ; v4i U Ia ma tran cua cac vector

dac trung cua Q.
-1 _ T 5 _ T —
Uy = Wyyy/Thy VA Uy = Wyr /[Ty, VI Wy, = Wy, ta thu duoc

u;}} = T[yuyx (213)
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(2.13) s& duoc dung vé sau.

2.4.1.2 Ting tdc wéc lwong dd dai canh

Nhu d chi ra trong phan 2.3.4, chi phi tinh toan cho (2.10) 1a mc? voi mot do
dai t cho truéc. O phan sau ddy, luan &n trinh bay k¥ thuat dé giam chi phi nay thanh

me, tire 1a nhanh hon ¢ 1an phién ban thuan tay cua (2.10).
Nhu d3 bién d6i & phan trude:
Q=U-A-U"
Do do,
P(t) =e =U-eM-U".
et la ma tran chéo cua cdc ham mil cua gia tri dic trung. Néi cach khac, ta co:

Pay (D) = ) st (2.14)

zZ
VGi moi trang théi x va y, trong d6 u,, va uy la cac phan tir ctia ma tran cac

vector ddc trung U va U™, Thay vé phai cua (2.14) vao (2.10) ta dugc

L; :an LE (x) ZZuxzeM uzy L7 () |
X y z

Sap xép lai c4c thanh phan trong cdng thire dé cd thé rit gon bang m,u,, = u;,};
theo (2.13), ta dugc:

L= ) et (Z u;le‘:(x)) D o) (2.15)

z x y

Ky hiéu 2 tong trong ngoac tron cua (2.15) 1a VA(z) va V2 (2), ta co:
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L= Z e’ t VE(2)V) (2) (2.16)

So sanh (2.10) va (2.16), ta thiy da rat gon tir 2 phép tong 16ng nhau thanh chi
1 phép tdng, nho viée luu trit 2 vector V&(z) va VP (z) thay cho céc vector likelihood
riéng phan L%(x) va L? (x). Chi phi tinh toan cac vector V ton gap doi chi phi cho cac
vector likelihood riéng phan, nhung bu lai, viéc udc lugng do dai canh sir dung (2.16)

nhanh hon ¢ lan sir dung (2.10).

2.4.1.3 Pé xuit thuat toan pruning nhanh

Thuat toan pruning mai s€ tinh va luu V thay cho viéc luu vector likelihood
riéng phan L cho timg dinh trong caa cay. Dé 1am viéc nay, thay vé phai cua (2.14)
vao (2.7) cho ta:

Li(x) = Z Z Uy ettau LS (y) Z Z Uye? b ug L2 (y) |.
y z y z

Sap xép lai c4c thanh phan trong cdng thirc va thay L bang V:

5 (x) = (z Uy, etztay (z)> (z Uy e ztb P (z)> (2.17)

Z Z

Vector V cua gbe dugce tinh bai cong thuc:

V() = ) () (2.18)

X

Ludn an dé& xuat thuat toan pruning nhanh (xem Thuit toan 2.3) nhd két hop
c4c thanh phan nai trén. Tir day, luan an dé xuat thuat toan UFBoot2 dé lam bootstrap
nhanh theo tiéu chuan ML bang viéc thay thé toan bo thuat toan pruning trong
UFBoot (Thuit toan 2.1) bang thuat toan pruning nhanh. UFBoot2 di dwgc ching
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t6i cai dit thanh cdng trong hé théng IQ-TREE (mi nguén mé cung cap tai

http://www.iqtree.org).

Thuét toan 2.3. Thuat toan pruning nhanh udc lugng do dai canh

Dir liéu vao: Sap hang goc A9 gém n chudi (taxa); mo hinh tién hoa Q; cay T
c6 do dai canh; canh (a,b) can ti vu d6 dai canh

Dir liéu ra: Cay T c6 canh (a,b) dd duoc tbi vu va log-likelihood twong wng cho

cay
Bat dau
1) Thuc hién duyét cac dinh trong cy theo tht tu sau dé tinh cac vector
V cho tat ca cac dinh dua trén cac vector V cta hau dué st dung (2.17)
va (2.18).
2) Lap vai tirng gid tri caa t theo Newton-Raphson tdi khi log-likelihood
hoi tu:
e Van dung (2.16) dé tinh £(T|A%*%) cho t méi biét rang V2 va
VP @ dugce tinh trude do.
Két thic

So sénh thuat todn pruning nhanh (Thuat toan 2.3) va thuat toan pruning
(Thuét toan 2.2) trong udc lugng d6 dai canh, ta thdy budc 1 caa thuit toan pruning
nhanh tén kém hon, tuy nhién budc 2 cua né ¢é chi phi tinh toan thap hon. Cu thé
nhu sau: Véi ¢ 12 ky hiéu sé ky tu trang thai, ta c6 ¢ = 4,20,61 twong tng cho mo
hinh DNA, protein va codon. Budc 1 theo pruning ding (2.7) tén 0 (c) phép nhan dé
tinh L7 (x); theo pruning nhanh tén 0 (c) phép nhan dé dung (2.17) tinh L% (x) tir hau
dug cia r cong véi 0(c) phép nhan dé dung (2.18) tinh V7 (2) tir L% (x). Do vay, budc
1 theo pruning nhanh tén gap déi chi phi tinh toan. O budc 2, do di tinh sdn cac vector
L; (cho mét vi tri sdp hang) nén khi thay dbi ¢, thuat toan pruning tinh lai likelihood
L; bang (2.10) can 2 vong lap 1dng nhau tén 0(c?) phép nhan; trong khi pruning
nhanh duing (2.16) chi can 1 vong lap tén 0(c) phép nhan.
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T6m lai, so v6i pruning, buéc 1 caa pruning nhanh ton chi phi tinh toan gap do6i
nhung budc 2 nhanh hon c 1an. Budc 2 chiém chi yéu thoi gian téi wu t do duoc thyc
hién 1ap lai nhiéu lan trén céc gié tri khac nhau cho t theo phuong phap Newton-
Raphson [63]. Do d6, thuat toan pruning nhanh s& gidp tiét kiém dang ké chi phi tinh
£(T|Adata).

2.4.1.4 Cai tién téc @6 bang ky thuat tdi wu ma ngudn

Ngoai cai tién vé thuat toan, luan an dé xuit khai thac kha ning tinh toan don
Iénh da di liu (single instruction, multiple data — SIMD), con goi la tinh toan vector
hay tinh toan song song dit liéu, ciia may tinh hién dai dé tinh dong thoi log-likelihood

cho k vi tri sap hang tly theo tap 1énh mo rong ma bo vi xir 1y hd tro.

Theo tong hop trong [44], tinh toan vector d& dugc trién khai cach day hon 50
nam nhung chi trén cac siéu may tinh do doi hoi nhiéu tai nguyén phan ciing. Nho
tién bo céng nghé, nd bat dau duoc trién khai trén may tinh pho théng tir giita thap
nién 1990 va hién dugc hd trg boi hau hét cac bo vi xur Iy tuy c6 giéi han. Y tuéng
co ban 1a cho phép thuc hién cac phép toan khong chi trén cac cap bién sé don 1é ma
con trén cac cap mang 1 chiéu, cac cap ma tran hay cac cap dit liéu nhiéu chiéu. Cac
tap 1énh mé rong SIMD cho kién tric tap 1énh x86 cua Intel 1a cdng nghé vi xir Iy hd
trg tinh todn vector tién tién nhat hién nay. Trong d6, ra doi dau tién 12 tap Ienh MMX
cho phép tinh todn vector st dung thanh ghi 64 bit; sau d6 la tap Iénh SSE (streaming
SIMD extensions) mé rong cho thanh ghi 128 bit; roi dén tap lénh AVX (advanced
vector extensions), AVX2 m¢ rong cho thanh ghi 256 bit; AVX-512 hién la tap 1énh
méi nhat cho phép tinh toan vector str dung thanh ghi 512 bit.

SIMD la c6ng nghé hira hen rit gon dang ké chi phi tinh toan. Xét mét vi du
trén kiéu s nguyén 32 bit: ta muén cong mang a gdbm 8 phan tir véi mang b géom 8
phan tir va luu két qua vao mang ¢ gdm 8 phan ta. Néu khong st dung tinh toan
vector, ta mat 8 1an lap lai c[i]=a[i]+b[i] (i 1a bién diéu khién vong lip). Néu c6 st

dung tinh toan vector, chang han trén b vi xir Iy c6 tap 1énh AV X2, ta chi mat 1 1an
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lam phép cong (voi 2 1an nap dit liéu vao thanh ghi va 1 lan doc tir thanh ghi ra c).

Tuc 13, vai vi dy nay, AVX2 dem lai ting toc 8 lan.

Tuy vay, t6i vu chuong trinh bang SIMD 13 viéc khéng hé don gian do can lap
trinh thy bién theo tap 1énh mé rong va sir dung ngdn ngit 1ap trinh bac thap [44,66].
C4c trinh bién dich hién dai tuy c6 tinh ning tu dong chuyén doi tinh todn vé dang
vector nhung khong du linh hoat cho céc tinh hudng cu thé. Vi ngdn ngit lap trinh
C++, 1a ngdn ngir chling toi cai dat UFBoot2, ¢d nhiéu thu vién d4 duoc xay dung dé
cho phép nguoi 1ap trinh sir dung SIMD mét cach tuong minh va dé dang [44,66,89].
Chung t6i sir dung thu vién VCL cua tic gia Agner Fog (thdng tin chi tiét cung cap &
dia chi website: https://www.agner.org/optimize/vectorclass.pdf) boi thu vién nay dé
tich hop vao ma nguon UFBoot2 va né kém theo hudng dan sir dung chi tiét va day
du. UFBoot2 luu log-likelihood ciia mdi vi tri sap hang trong mot bién thuc dau phay
dong 64 bit. Do dd, st dung tap lénh SSE cho phép tinh todn vector chata log-
likelihood cuia 2 vi tri sap hang, tap lénh AVX cho phép tinh toan vector chua log-
likelihood cua 4 vj tri sap hang, dan dén tang tc ly thuyét 2 1an hozc 4 1an so véi cai
dat khong str dung SIMD.

2.4.2 Cai tién dé xir ly dinh da phén tot hon

Céc phuong phap xay dung cy tién hda ludn gia sir cay c6 dang nhi phan (nghia
la mdi dinh trong ludn két ndi véi ba canh khac). Doi khi, dit liéu dau vao khdng cho
ta du thdng tin tién hoa, din dén viéc biéu dién tot nhat lai 13 mot cay co chaa dinh
da phan (cay ton tai it nhat mot canh trong c6 d6 dai bang 0) (Hinh 2.4B,C). Khi roi
vao trudng hop x4u nhat, tit ca cac canh trong déu co do dai bang 0, cay duoc goi la
cay hinh sao (Hinh 2.4C). Cac phuong phéap xay dung cay tién hoa khac nhau cho két
qua khac nhau khi tim dang nhi phan cho dinh da phan. Khi phan giai dinh da phan
c6 thé c6 nhiéu cau trdc nhi phan téi vu ngang nhau [94]. Vi UFBoot (va cac tiép can

bootstrap khac) chi luu mot cay duy nhét tot nhat cho mdi sap hang bootstrap, né c6
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thé gén gia trj hd tro bootstrap qua cao cho cac canh ngin [76], tie dat do tin cay cao

vao canh khong ton tai.

(A) (B) ©

s1 S3 S1 S3 S1 S3

S2 s4 S2 S5 S5
S5

Hinh 2.4. Minh hoa ciu tric cdy (A) khong c6 dinh da phan nao, (B) ¢6 1 dinh da phan va
(C) hinh sao.

Dé khic phuc thiéu sot nay UFBoot2 d3 thuc hién ky thuat sau day. Thay vi
chon cay bootstrap véi diém sé RELL cao nhat cho mdi sap hang bootstrap, UFBoot2
s& chon ngau nhién mot trong sé cac cay co diém sé RELL khac biét khdng qué ey,
(mic dinh 12 0.5) so véi RELL cao nhat. Nho d6, UFBoot2 s& khdng gan gia tri hd

tro bootstrap qué cao cho céac canh phan giai dinh da phan.

2.4.3 Cai tién dé giam anh hwéng cia vi pham mé hinh

Két qua phan tich tién hda theo tiéu chuan ML cd thé bi anh huéng bai van dé
vi pham gia thiét mé hinh tién hoa.

Ta gia st dir liéu sdp hang da duoc tién hoa tir mot cay dung T94™9 theo mot mo
hinh tién hoa dung M99, Viéc xay dung cay tién hoa la tim mot cay T0t mhét gan
nhat ¢ thé véi cay T94m9, Khi xay dung cay tién hoa (va phan tich bootstrap) theo
tiéu chuan ML, mét trong nhitng budc dau tién 1a xac dinh mé hinh tién héa M (do
trong thyc té ta khong biét M319). M duoc chon tir mot tap dinh truéc cdc mé hinh
tién héa. Cac mé hinh khéac nhau c6 sé lugng tham sé tu do khac nhau. Trong qué
trinh xay dung cay, ta s& duyét cac gié tri khac nhau cho cac tham sé tu do cia mo

hinh M nay dé tim bo gié tri tham sé cho d6 hop 1y cao nhét.
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Khi mé hinh M duoc chon 1a khac M99 | ta goi nd 1a md hinh vi pham gia thiét.

Luan &n xem xét hai loai vi pham gia thiét mé hinh tién héa: (i) Vi pham nhe
(it): 12 md hinh M dé xay dung cay c6 it tham sb tu do hon M9 nhung van dam
bao tinh ddng nhat (hoic khong dong nhat) vé téc do bién doi gitra cac vi tri nhu gia
thiét caia M99 (ii) Vi pham nghiém trong (nhiéu): 1a mé hinh M dé xay dung cay
khong dam bao dugc tinh ddng nhat (hodc khong dong nhit) vé toc do bién doi gitra
c4c Vi tri nhu gia thiét caa M9, Vi du: M3"9=GTR + T thi M = JC + T la vi

pham nhe, con M = JC la vi pham nghiém trong.

Minh va cong su [56] da chi ra rang vi pham mé hinh nhiéu s& 1am ting gia tri
hd tro bootstrap cia UFBoot. Dé giai quyét vin dé nay UFBoot2 cung cap mat tiy
chon dé tién hanh mot budc tinh chinh téi wu khi tim kiém cay trén sap hang goc hoan
tat. Theo d6, cac cdy RELL tot nhat tiép tuc duoc tdi wu nhd tim kiém leo ddi dung
NNI dura truc tiép trén sip hang bootstrap twrong tng. Do d6, buéc bd sung nay hoat
dong nhu SBS, nhung 1a dang tim kiém cay nhanh nham tiét kiém thoi gian. Cac gia
tri h tro bootstrap sau d6 dugc tom tit tir cac cAy bootstrap da tinh chinh téi wu. Sau
day, chung toi goi ty chon nay 1a UFBoot2+NNI, ¢6 thé dugc bat 1én khi dung 1Q-
TREE thong qua tuy chon "-bnni".

Viéc khao sat anh huong ciia mo hinh tién hoa vi pham gia thiét toi d6 chuan
xé&c bootstrap c6 thé dugc thyc hién théng qua thuc nghiém mé phong. Thuc nghiém
¢6 quy trinh nhu d3 mé ta trong phan 1.5.3.2, ta lya chon M%"9 va M dé phan anh vi

pham gia thiét mé hinh.

2.4.4 Cai tién mé rong dé phan tich sip hang cac b gen

Cac nghién ciru gan ddy vé phan tich quan hé tién hoa thuong dua trén nhiéu
gen dé suy ra cay tién hoa, hudng ndy duoc goi 1a phylogenomics. Bé hd tro
phylogenomics, UFBoot2 dé xuat va cai dat mot s6 chién lugc sinh sap hang bootstrap
nhu sau: (i) 14y mau c6 hoan lai cac vi tri sip hang trong tirng gen cua sap hang gdc
(goi 1a 1ay mAu theo vi tri sap hang; duoc dat lam tly chon mic dinh trong UFBoot?2),
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(i) 1Ay mau c6 hoan lai céc gen thay vi cac vi trf trén sap hang (goi 1a ldy mau theo
gen; duoc goi thdng qua tham sé dong Iénh "-bsam GENE™) va (iii) 1dy mau c6 hoan
lai cac gen va sau do tiép tuc ldy mau cé hoan lai cac vi tri sap hang trong mdi gen
(goi 1a lay mau theo gen-vi tri; duoc goi théng qua tham sé dong lénh "-bsam
GENESITE") [25]. Chién luoc (i) dam bao s6 luong vi tri sap hang cho tat ca cac gen
trén cac sip hang bootstrap gitt nguyén nhu trong sap hang géc, trong khi dé cac

chién lugc (ii) va (iii) s& dan dén sb lugng vi tri trén cac sap hang bootstrap khac di.

2.5 Thuc nghiém va két qua

Luan an khao sat hiéu nang cua cac phuong phap: UFBoot gbc (phién ban 0.9.6,
phat hanh vao ngay 20 thang 10 nam 2013), UFBoot2, UFBoot2+NNI, SBS
(bootstrap chuan 1000 ban sao bootstrap bang 1Q-TREE) va RBS (st dung tiéu chuan
bootstopping cia RAXML) trén cac bo di liéu mé phong va cac bo dir liéu sinh hoc
dé kiém tra hiéu qua cua cac dé xuat cai tién. Thi tu cac két qua trong phan nay dugc

trinh bay gidng véi thir tu cac dé xuat cai tién trong phan 2.4,

2.5.1 Thoi gian tinh toan

Luan an thuc hién danh gia thoi gian chay trén b dir liéu thuc (véi cac théng
s6 tom tit trong Bang 2.1) duoc thu thap tir co so dir liéu truc tuyén TreeBASE [73]
bai Nguyen va cong su [59].

Bang 2.1. Thong tin b dir liéu thuc tir TreeBASE.

Théng so Loai dir liéu
DNA protein
S6 sip hang 70 45
S6 taxa 201-767 (trung vi: 233) 50-194 (trung vi: 78)
S8 vi tri s&p hang 976-61199 (trung vi: 3328.5) | 126-22426 (trung Vi: 696)

Theo d6, tac gia tai vé tir TreeBASE cac sap hang da chudi thoa mén ba tiéu chi
sau: (1) sap hang DNA phai c6 tir 200 dén 800 chudi, sdp hang protein phai c6 tir 50
dén 600 chudi; (2) s vi tri cua sip hang DNA khong nho hon 4 1an sb chudi caa nd,

s6 Vi tri ciia sap hang protein khéng nho hon 2 1an sb chudi caa no; (3) ti 18 vi tri ¢6
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trang thai khong xac dinh/vi tri trbng khéng vuot qué 70% tong sé vi tri cia sdp hang.
Sau d0, tac gia loc bo cac chudi tring lap dé dam bao mdi sap hang chi chira cac chudi
phan biét. Bo dit liéu thu dugc c6 70 sap hang DNA va 45 sip hang protein.

Cac dong lénh duoc sir dung dé thuc hién cac phuong phap bootstrap duoc cung cap
trong Bang P1 (phan Phu lyc).

Hinh 2.5, Hinh 2.6, Hinh 2.7 phac hoa phan b6 cua ti 1& thoi gian chay giita SBS
/ RBS / UFBoot va UFBoot2 / UFBoot2+NNI. Ham time() ki hiéu cho thoi gian thuc
thi cua tirng phuong phap.

UFBoot2 so voi SBS . UFBoot2+NNI so voi SBS

8 —

2 - 8 7
[@)] [®)]
c o _] c
e - PR
Q o a T 7
Bo® %
e . | o

o~ j= -

o
o
o I — o o— |
64 128 256 512 1024 2048 4096 64 128 256 512 1024 2048 4096
time(SBS)/time(UFBoot2) time(SBS)/time(UFBoot2+NNI)

Hinh 2.5. Phan bé cua ti 1¢ thoi gian chay giita SBS va UFBoot2 (trai) va gitta SBS va
UFBoot2 + NNI (phai) trén 115 sap hang TreeBASE.

UFBoot2 nhanh hon trung binh 2.4 lan (t6i da: 77.3) so véi phién ban UFBoot
0.9.6 (xem Hinh 2.7 trai). UFBoot2 va UFBoot2+NNI cho tang toc 778 lan (trung vi;
mién ti 16: 200-1848) va 424 lan (mién ti 1&: 233-749) so véi SBS. So véi RBS,
UFBoot2 va UFBoot2+NNI cho ting toc 8.4 lan (trung vi; mién ti 18: 1.5-51.2) va 5.0
lan (mién ti 1&: 0.8-32.6). Vi vay, UFBoot2+NNI cham hon hai 1an (trung vi) so V6i
UFBoot2.
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UFBoot2 so voi RBS UFBoot2+NNI so voi RBS

S - I I
o
| N |
o 571 | > s
A0 ’g
5 g- l o '
S0 o
o | b o I
o - | o |
I |_L
o L 1] - L —
] ]
0.25 1 2 4 8 16 32 64 0.25 1 2 4 8 16 32 64
time(RBS)/time(UFBoot2) time(RBS)/time(UFBoot2+NNI)
Hinh 2.6. Phan bé cua ti 1¢ thoi gian chay giira RBS va UFBoot2 (trai) va gitra RBS va
UFBoot2 + NNI (phai) trén 115 sap hang TreeBASE.
UFBoot2 so voi UFBoot UFBoot2+NNI so voi UFBoot
I |
S - | — g 1
g % = l o % 1 I
g I 5 I
.:g 8 ] ‘>% a I l
\.8 .‘2
2 o l T2 l
' | ﬂ_l_\
° i ° i

00625 05 2 4 8 32 128 00625 05 2 4 8 32 128
time(UFBoot)/time(UFBoot2) time(UFBoot)/time(UFBoot2+NNI)

Hinh 2.7. Phan b cua ti 1& thoi gian chay gita UFBoot goc va UFBoot2 (tréi) va giira
UFBoot goc va UFBoot2 + NNI (phai) trén 115 sap hang TreeBASE.
2.5.2 Ti l¢ dwong tinh gia
Dé danh gia hiéu qua xur ly dinh da phan cua y twong dé xuit trong 2.4.2, luan
an khao sat ti 1& duong tinh gia (false positive) khi phan tich dit liéu md phong tién
hoa tir cdy hinh sao. Quy trinh mé phong giéng nhu trinh bay trong phan 1.5.3.2,
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trong d6, ta chon cay diing 1a cdy hinh sao. Do tt ca c4c canh trong cta cay xay dung
duge déu khong ton tai trén cay diing, mot phuong phap bootstrap tot s& khong tinh
ra gia tri hd tro bootstrap cao (>95%) trén dit liéu nay, nghia la khéng tao két qua

duong tinh gia.

Cu thé, chling tdi tao dit liéu md phong véi cung thiét ké nhu dé xuét trong [76].
Ching t6i str dung Seq-Gen 1.3.2x [69] dé sinh 100 sip hang DNA, mdi sip hang
chtra 15000 vi tri sdp hang, tién hoa tir cay ding hinh sao ¢6 4 14 va 4 canh ndi voi 14
c6 chiéu dai 0.05, theo mo hinh JC. Dbi véi mdi sap hang géc, ching tdi da cho
UFBoot2 phan tich bang md hinh JC va GTR+I", mdi phan tich 1am bootstrap 1000
ban sao va tgi 1000 vong lap tim kiém (cai dat trong 1Q-TREE théng qua tly chon "-
bcor 1"). Vi mdi phan tich nay, chiing toi khao sat 2 ché do: (i) bat tinh ning cai tién
dé xir 1y dinh da phan véi €,,,, = 50 (do sdp hang c6 nhiéu vj tri) va (ii) tit cai tién
nay, nghia la chon cay c6 diém sé RELL cao nhat lam cdy bootstrap. Mdi ché do
duoc thuce thi 2 luot sir dung 2 hat gidng ngau nhién khac nhau (thdng qua tly chon
"- seed 123456" va "- seed 654321").

Simmons va Norton [76] da chi ra rang SBS va RBS d6i khi dan dén dwong tinh
gia , trong khi UFBoot khéng bao gio hd trg canh nhu vay (gié tri hd trg bootstrap
<88%). Can luu y rang, phién ban UFBoot khao sét trong [76] 1a ban da c6 cai tién
dé xtr ly dinh da phan va 1a ban méi hon UFBoot nguyén thay trong [56].

Str dung UFBoot2 phan tich dir liéu md phong tir cay dung hinh sao, ching toi
thu duoc két qua tom tat trong Bang 2.2. Trong d6, cot max luu trung binh cong 2 gia
tri hd trg bootstrap cuc dai trén ting hat giéng ngau nhién. Cot min luu trung binh
cong 2 gia tri cyc tiéu tinh twong ty. Két qua da khang dinh hiéu qua cia y tuong
chon cay bootstrap 1a cay ngau nhién trong s cay c6 diém sé RELL khac biét khdng
QUA &, SO VGi RELL cao nhat so vai viéc chon cay cd RELL cao nhat. Khi bat cai
tién nay, UFBoot2 gan gia tri hd tro bootstrap rat thap cho canh khéng ton tai. Mién

gi tri thu duoc (30%-38.5%) sat vai xac suat chon ngau nhién 1 trong 3 ciu trlc nhi
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phan dé phan giai cay hinh sao 4 14 (xac suat bang 1/3). Khi tit cai tién nay, n6 cé thé

cho gia tri hd tro bootstrap I6n hon XAac suat nay, tuy nhién van nhé hon ngudng 95%.

Bang 2.2. Tom tit gid trj hd tro bootstrap cho canh diing khdng ton tai cia UFBoot2 khi
bat va tat cai tien xir ly dinh da phan trén dir liéu mé phong tir cay dung hinh sao.

Loai phan tich Gia tri hé tro bootstrap cho canh trong
min max
UFBoot2 bat cai tién véi JC 30 38.5
UFBoot2 bt cai tién véi GTR+I 30 385
UFBoot2 tat cai tién vai JC 35 89.5
UFBoot2 tit cai tién voi GTR+T 29 87

2.5.3 P§ chuin xac cia wée lwong bootstrap

Luan an thuc hién lai thuc nghiém véi dit lieu mé phong PANDIT [56] dé so
sanh do chuan xac bootstrap cia UFBoot2 va UFBoot2+NNI véi SBS va RBS. Dir
licu mé phong bao gom 5690 sap hang DNA (DOI 10.5281/zenodo.854445) tao ra
bang cong cu Seq-Gen [69], trong d6 cac tham sé mé hinh va cay dung duoc suy luan
tir cAc sap hang goc tai vé tir co so dit lisu PANDIT [93]. Bang 2.3 tom tat cac thong
s6 cua bo dir lieu DNA md phong PANDIT. Chi tiét cac budc sinh dir liéu mé phong
trinh bay trong Thuit toan 2.4. Trong d6, budc 4 1a dé sau 6 1am phan tich bootstrap

trén dix lidu nay cé thé thir vi pham mé hinh nhe va vi pham mé hinh nghiém trong.

Bang 2.3. Thong tin bo dir lieu DNA m6 phong PANDIT.

Théng sb Gia tri

S6 sip hang 5690

S6 taxa 4-403 (trung vi: 11)
S6 vi tri sap hang 33-6891 (trung vi: 600)

Str dung khai niém d6 chuan xéac da dwoc giai thich trong phan 1.5.3.2, ching
t6i tom tat két qua trong Hinh 2.8 (truc y biéu dién f,(x)). Trong mdi diém (x,y)
trén do thi biéu dién d6 chuan xac cua phuong phéap bootstrap Z, x 1a mot gia tri hd
trg bootstrap do Z gan, con y do xac suit cac canh dwoc Z gan gia tri hd tro bootstrap

x s€ la canh dung.
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Thuét toan 2.4. Phuong phap sinh bo dir liéu DNA m6 phong PANDIT

Bit dau

1) Tai cac sip hang DNA chua it nhat 4 taxa tir trang web co so dit lidu
PANDIT: thu dugc 6491 sap hang thuc
2) Xba bét cac sap hang ngan (s6 ¢ot nho hon 3 1an sb hang): thu duoc 6222
sap hang thuc
3) Véi mdi sip hang thuc A:
e chon md hinh tién héa phu hop nhat M nhd cong cu ModelTest
[67]
e Xxay dung cdy T la cdy tot nhat theo tiéu chuan ML nho IQ-TREE
bang mé hinh M da chon
e coi T la cay ding, dung Seq-gen dé sinh sap hang mé phong A’ ¢6
cuing kich thuéc nhu A va theo cac tham sé6 mé hinh trong M
e chén céc vi tri sap hang (cot) tréng trong A vao A’
4) Chon tir 6222 sap hang md phong céc sap hang c6 mod hinh M phic tap
hon JC + I': thu dugc 5690 sip hang md phong
Két thic

(A)M6 hinh chinh xac (B)Mé hinh vi pham
nghiém trong

100
1
100
1

60
|
60
|

Phan tram dung

= SBS
= UFBoot2
w— UFBoot2+NNI

SBS
RBS

UFBoot2
UFBoot2+NNI

20
1

20
1

I 1 I 1 I I I 1 I 1 I I
0 20 40 60 80 100 0 20 40 60 80 100

Gia tri hé trg bootstrap suy luan Gia tri hé tro bootstrap suy luan

Hinh 2.8. B¢ chuan xac cua bootstrap chuan (SBS), bootstrap nhanh caa RAXML (RBS),
UFBoot2 va UFBoot2 véi budc tinh chinh téi wu (UFBoot2+NNI) cho (A) md hinh chinh
xé&c va (B) vi pham mé hinh nhiéu. Truc y biéu dién phan trim cac canh c6 gia tri hd tro
bootstrap x (trong tat ca cac cay xay dung duoc) c6 mit trong ciy ding.

Néu xay dung cay bang md hinh tién héa khong vi pham gia thiét thi SBS, RBS
va UFBoot2+NNI gén gi4 tri hd tro bootstrap thap cho cac canh, phuong phéap sau it
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sai léch hon phwong phap truge (Hinh 2.8A, db thi phia trén dudng chéo). Xu hudng
gén gié tri hd tro bao thu cua SBS va RBS di khang dinh cac nghién ciru trude day
[39,56]. Trong khi d6, UFBoot2 cho cac gia trj hd tro bootstrap gan nhu khong chéch
(Hinh 2.8A, db thi gan véi duong chéo), nghia 14 gan nhu khép véi xac suat 1a canh

dung. Do d6, UFBoot2 c6 do chuan xac giéng ban UFBoot géc [56].

Vi pham mé hinh nhiéu khéng anh hudong dén SBS (Hinh 2.8B; khong ¢ db thi
ciia RBS vi RAXML khéng hd tro mé hinh don gian dé kiém tra vi pham mé hinh).
Tuy nhién, UFBoot2 (ciing giéng nhu UFBoot) da gan gia tri hd trg bootstrap cao
cho céc canh (Hinh 2.8B, d6 thi nam dudi duong chéo), trong khi d6 UFBoot2+NNI
c6 gia tri hd tro bootstrap chi thip hon x4c suat ding mot chat (Hinh 2.8B, d6 thi gan
duong chéo). Do d6, UFBoot2+NNI gitp giai quyét van dé gia tri hd tro bootstrap

cao cua UFBoot2 khi xay dung cdy bang mé hinh vi pham nhiéu.

2.5.4 Kha ning phan tich sap hang bé gen

Dé khao sat anh huong cua ba chién lugce 1dy mau cho phan tich sip hang bo
gen (phan 2.4.4), luan an phan tich lai dix liéu metazoan trong d6 c6 21 loai, 225 gen
va téng s6 171077 vi tri axit amin [72]. Hinh 2.9 trinh bay cay ML xay dung bang
IQ-TREE theo md hinh phan hoach edge-unlinked [9]. M6 hinh nay cho phép méi
phan hoach (gen) st dung mot tap do dai canh khac nhau. Cay nay di khang dinh lai
duoc cac két qua trude do [72] va khdi phuc dugc nhom loai Protostomia [86]. Tuy
nhién, cay ciing cho thay su khac biét gitta cac chién luoc 1y mau khac nhau: trong
khi 1dy mau theo vi tri va ldy miu theo gen thu dugc c4c gia tri hd tro bootstrap cao
(>95%) cho c&c canh nam trén xuong song caa cay (Hinh 2.9; dudng nét dam), thi

ldy mau theo gen-vi tri lai cho cac gia tri hd trg bootstrap thap (80%).

Mo rong khao sat voi 14 bo dr  lieu sinh  hoc khac
[7,12,17,40,53,62,68,72,77,80], luan an quan sat dugc nhiéu khac biét hon gitra cac
chién lugc lay mau (dit liéu khong trinh bay & day). Bac biét, trén mot s6 bo dir lieu,

¢ nhitng canh gan nhu khong nhan duoc hd trg ndo (<10%) tir mot chién luoc lay
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mau nhung lai ¢ hd tro cao (>95%) tir hai chién lugc lay mau kia. Tuy nhién, khong

c6 dau hiéu nao vé viéc mot chién luoc ludn ludn cho gia tri hd tro bootstrap thap.

Strongylocentrotus purpuratus
Branchiostoma fioridae

Ciona intestinalis 03

100/92/91 |-

Gallus gallus
— Mus musculus
59/98/80 Homo sapiens
Xenopus tropicalis

Danio retio

Deuterostomia

100/100/87 Helobdella robusta -]

Lottia gigantea
99/95/84 Caenorhabditis elegans
99/98/8 Schist )
99/98/80 chistosoma mansoni
Ixodes scapularis

Daphnia pulex
79/86/70 Apis mellifera

Tribolium castaneumn
_I I Drosophila melanogaster

Bombyx mori

Protostomia

Nematlostelia vectensis
Trichoplax adhaerens

Monosiga brevicollis

Hinh 2.9. Cay hop ly nhat (ML) xay dung theo m6 hinh phan hoach edge-unlinked. Cac

con sb gan véi cac canh la cac gia tri hé tro bootstrap do UFBoot2 gan cho canh véi cac

chién lugc ldy mau: theo vi tri, theo gen, va gen-vi tri (s6 bi an di néu ca 3 phuwong phap
déu cho gia tri hd trg bootstrap 100%).

Tu nhitng phat hién noi trén, luan an khuyén céo ngudi dung ap dung tat ca
cac chién luoc ldy mau. Néu cac gia tri hd tro bootstrap thu dugc twong tu nhau thi

két qua dang tin cay hon.

2.6 Két luan chwong

Tinh toan likelihood I nat that chinh trong thoi gian chay cua tat ca cac phan
mém ML vi n6 nim & phan 18i cua tat ca cac phan tich. Thuat toan pruning [19,20]
gilp tinh toan hiéu qua likelihood cua cay tién héa, nhung né chua di nhanh cho di
liu kich thudc Ié6n. Do d6, luan an dé xuét phién ban sta d6i thuat toan cua
Felsenstein, dat tén 1a thugdt toan pruning nhanh. Thuat toan stra doi da duoc cai dat
trudc diy trong phan mém RAXML nhung chua bao gid duoc c¢éng bd chinh thirc.

Stra d6i nay khai thac tinh chat thuan nghich thoi gian cua cac md hinh tién héa
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thudng duoc sir dung, dan dén toc d6 ly thuyét tang 18n 4 1an (ddi vai dir lisu DNA)
hoic 20 lan (d6i voi dit liéu protein) khi wdc lugng do dai canh. Luu ¥ rang thuat toan
dé xuat tang tdc chi théng qua viéc thay dbi dai luong luu trit trung gian dya trén khai
thac cac tinh chat cua cac ma tran lién quan nén né luén dam bao tinh dung dan cua

gia tri likelihood tinh dugc.

Pé thay hiéu qua cua thudt todn pruning nhanh, ching toi van dung né trong
tinh toan likelihood cdy cua bai toan phan tich bootstrap tién héa ML va dé xuat
phuong phap UFBoot2 dua trén UFBoot. UFBoot2 cai thién dang ké téc d6 so Voi
UFBoot (nhanh hon trung binh 2.4 lan).

Sau cai tién vé toc do, chuong nay trinh bay thém 3 cai tién ma luan an dé xuat
trong phuong phap UFBoot2. UFBoot2 cai thién duoc do chuan xac cua gia tri hd tro
bootstrap so véi UFBoot khi ¢6 vi pham gia thiét mé hinh nghiém trong. Hon nira,
UFBoot2 c6 cé4c cai tién dé xir Iy dinh da phan t&t hon va c6 mo rong dé phan tich
sap hang cac bo gen. Noi chung, vi SBS, RBS va UFBoot2+NNI ¢6 diém yéu chung
la gan gi4 tri hd tro thap, can phai cé cac nghién ciru sdu hon dé hiéu duogc xu hudng
chéch/khdng chéch khéac nhau cua cac phuong phap bootstrap trong phan tich tién

hoa hién nay.

Luén &n két luan ring UFBoot2 va UFBoot2+NNI 1a nhirng phuong phap nhanh
thay thé cho cac tiép can bootstrap khac. Khi mé hinh khong sai hoac sai it, ta co thé
ding cé4c gié tri hd tro bootstrap UFBoot2 vai ¥ nghia khong chéch da dé xuat cho
UFBoot [56]. Nghia 13, nguoi ding c6 thé tin tudng cac canh c6 gia tri hd trg bootstrap
tor UFBoot2 > 95%. Nguoi dung nén stir dung cac phuong phap phat hién vi pham
mo hinh [28,60,91] trudc khi lam phan tich bootstrap. Khi c6 kha nang cao xay ra vi
pham mé hinh thi ngudi dung can sir dung UFBoot2+NNI.

Cac két qua nghién ctru cua chuong nay da duoc céng bd trong bai bao ding

trén tap chi Molecular Biology and Evolution nam 2018 (cdng trinh khoa hoc sé 2).
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Chwong 3 PHUONG PHAP MOI MPBOOT GIAI NHANH
BAI TOAN XAY DUNG CAY BOOTSTRAP TIEN HOA
THEO TIEU CHUAN TIET KIEM NHAT

Chuong nay tap trung vao bai toan xay dung cay bootstrap tién hoa theo tiéu
chuan tiét kiém nhat va dé xuat phuong phap MPBoot.
3.1 Gioi thiéu

Cuc tiéu s6 lugng bién d6i hay con goi 12 tiét kiém nhat (maximum parsimony
— MP) la tiéu chuan duoc st dung rong réi trong xay dung cay tién hoa [22 va cac tai
lieu n6 tham khao]. Vi tinh diém MP cho mét cay it phtc tap hon va chi phi tinh toan
thip hon so vdi tinh likelihood, cac phuwong phap dé xay dung cdy MP d3 dugc ap
dung cho céac bo dit lieu lon [29,31]. Tuy nhién, tinh toan gia tri hd trg bootstrap cho
canh cua cac cdy MP van tiéu ton nhiéu thoi gian, dac biét 1a dbi vai cac bo dit liu
I6n. Ngoai nhitng han ché vé thoi gian chay, bootstrap chuan ciing duoc ching minh
la “bao thu” [39] (xem giai thich chi tiét trong phan 1.5.3.2): gia tri hd tro bootstrap

tinh theo bootstrap chuan thudng thdp hon xac suat dé canh 1a canh dang.

Chuong nay giéi thiéu MPBoot, mot phuong phap méi dé tim nhanh 1oi giai
chap nhan duoc cho bootstrap theo tiéu chuan MP. MPBoot duoc phat trién tir y tuong
cuia UFBoot — 1a phuong phap bootstrap nhanh cho tiéu chuan ML [56]. Dé phu hop
véi MP, MPBoot van dung thém céc ky thuat cho tim kiém cay nhu cat va ghép cay
con (subtree pruning and regrafting — SPR) va ratchet [61]. Dudi day luan &n sé trinh
bay phuong phap MPBoot va thuc nghiém so sanh MPBoot véi cac chuong trinh tiéu
biéu cho phan tich tién hda st dung tiéu chuan MP 1a TNT [31] va PAUP* [84].

3.2 Xay dwng cay tién hoa theo tiéu chuan MP

Ky hiéu A%4 [ sap hang ctia n chudi va m vi tri sip hang (sau khi loai bo cac

vi tri hang). m vi tri nay dugc nhom thanh cac mau-vi tri Dy, D,, ..., Dy, Vi tan suat
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tuong ung 1a d,, d,, ..., dx. Diém MP cho cau trdc cay T khi biét 44%t@ gugc tinh boi

cong thuc:

k
MP(T14%) = 3" MP(TID) x d, (3.1)
i=1

trong 46 MP(T|D;) 1a diém MP cho cay T tai mau-vi tri D;.

Véi mot cay T cho truge, MP(T|D;) c6 thé tinh dugc mot cach hiéu qua nho
thuat toan Fitch [23] trong truong hop chi phi bién doi gitra cac trang thai la bang
nhau, tic sit dung ma trdn chi phi déu (uniform cost matrix, xem Bang 1.3A). Ma
tran chi phi déu c6 vu diém la don gian vé mat khai niém nhung lai khdng thuc su c6
¥ nghia sinh hoc. Vi dy, mot quan sat da tré nén phd bién trong sinh hoc phan tir 12
Vi cac chudi nucleotide thi cac bién d6i cling nhom (transitions) xay ra thuong xuyén
hon cac bién doi chéo nhém (transversions). Do d6, s& hop 1y hon néu ta dat chi phi
bién d6i cing nhém thap hon. Trudong hop ndy, ta cd ma trdn chi phi khéng déu (non-
uniform cost matrix, xem Bang 1.3B). Khi dung mot ma tran chi phi khong déu, ta
khong thé tiép tuc str dung cach giai nghia diém MP nhu 14 s6 lwong bién doi t6i thiéu
nita. Vi ma tran chi phi khong déu, ta dung thuat toan Sankoff [74] dé tinh
MP(T|D;). Mt phuong phap tim kiém cay (con goi 1a xay dung cay) theo tiéu chuan
MP ¢6 muc tiéu tim mot cay c6 diém MP nho nhat. Bai toan tim cay MP tét nhit

thudc 16p NP-day du [32], do o, can sir dung céc heuristic cho tim kiém cay.

3.3 Peé xuat thuat toan MPBoot

Pé giam thiéu thoi gian tinh toan, cac tinh ning chinh ctia phuong phap MPBoot
la (i) 1dy mu cay tir khong gian cay chi dua trén sap hang gdc thay vi tién hanh céc
luot tim kiém cay doc lap riéng biét cho tirng sap hang bootstrap va (ii) nhanh chéng
tinh diém MP cua c4c cay mau trén tat ca cac sap hang bootstrap. Sau day, luin &n

m6 ta cac thanh phan chinh va ludng xtr Iy tong thé cia MPBoot.
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3.3.1 Lay miu cay trén sip hang goc

Trong khi bootstrap chuan thyc hién mét tha tuc tim kiém cay doc 1ap cho mdi
sap hang bootstrap, MPBoot khong lam nhu vay. Trudc tién, MPBoot tao ra mot tap
c4c sip hang bootstrap va sau d6 tim kiém trén khong gian cdy dua trén sap hang gdc.
Cac cay duoc duyét (con goi la 1y mau) trong qua trinh tim kiém cdy nay duoc coi

la cdy MP tiém niang cho mdi sap hang bootstrap.

Thuat toan MPBoot tim kiém cay MP cho sap hang géc hoat dong nho chinh
stra dan dan mat tap ung vién C chira céc cay t6i uu cuc bo khac nhau. Bé khai tao
tap ang vién C, MPBoot tao ra 100 cay tdi wu cuc bo theo tiéu chuan MP nho chién
luge xay dung cay timg budc ngau nhién (randomized stepwise addition) [88] theo
sau la tim kiém leo d6i vai ky thuat SPR [81]. Thuat toan sap Xép cac ciy nay ting
dan theo diém MP cua chdng, réi chon 5 cdy phan biét dau tién dé tao tap ¢ng vién
ban dau. Y tudng cho tap ung vién C duoc lay cam hing tir thuat toan di truyén [41].
NG s& duy tri mot quan thé cdy dé dam bao tinh da dang. Trong qué trinh tim kiém
cay, C s& dugc cap nhat lién tuc bing céc cay tot hon. Bidu nay hoan tt budc khoi
dau cua MPBoot.

Trong buéc kham pha tiép sau d6, MPBoot s& luan phién giira phép x&o tron
cAu tric cay (perturbation) va phép leo d6i (hill-climbing). Viéc nay s& duoc l3p lai

nhiéu 1an nham thoét khoi cuc tri dia phuong trong khong gian tim kiém cay.

Phép x40 trén céau tric cay: MPBoot trudc tién chon ngau nhién mot cay T,
tur tap ang vién C. Sau do, T, bi x4o tron theo mét trong 2 cach sau: (i) thuc hién trao
ddi ngau nhién hang x6m gan nhat (NNI ngau nhién) trén 50% canh trong chon ngau
nhién dé tao ra cdy T* hoic (ii) &p dung parsimony ratchet [61]. Parsimony ratchet s&
nhan doi 50% cac vi tri ¢é thong tin parsimony trén sip hang gbc dé sinh ra mot sip
hang x40 tron. Sau do, ratchet thuc hién mot lugt tim kiém leo ddi véi ki thuat SPR

trén sap hang xé&o tron nay, bt dau tir cay T, dé tim ra mot cay téi wu cuc bo T*. NOi
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tom lai, T* duoc tao ra bang chién luoc x40 tron cay (cac NNI ngau nhién) hoic bang

chién lugc xao tron sip hang.

Phép leo ddi: Cay T* sau d6 dong vai tro cdy ban dau cho tim kiém leo d6i SPR
dé tim ra mot cdy téi wu cuc bo T** cho A%%t¢, Néu MP(T**|A%%t%) nho hon hoic
bang diém MP 16n nhat trén A9 cua céc cay trong tap tng vién C thi T** sé& thé
chd cay twong tng trong tap (ng vién. Luan an goi phép leo ddi la thanh cong néu
MP(T**|A%4%) nho hon diém MP nho nhat trén A%%t@ cua cac cdy trong tap &ng vién.
Nguoc lai, luan an goi phép leo d6i 1a khong thanh cong, nghia 14 thuat toan di khong

tim thiy mot cay tét hon.

Buéc kham pha &p dung céac phép xao tron theo sau 1a phép leo ddi cho dén khi
n’ (1am tron sé luong chudi n 1én téi hang tram) phép tim kiém leo ddi cudi cung déu
khong thanh cong. Diéu ndy cho phép tim kiém k§ hon néu cac sip hang géc co rat
nhiéu chudi. Nghia 14, MPBoot dung lai bai vi n khong thé tim duoc cdy tét hon.

Dén day buwdc kham pha hoan tat.

Cac budc nay sé duoc tom tat bang gia ma trong Thuat toan 3.1.

3.3.2 Lay miu diém MP (Resampling parsimony score - REPS)

Véi mot cay T duyét khi tim kiém leo ddi véi SPR, MPBoot tinh diém cta n6
cho mdi sip hang bootstrap AP°°tSt™P v3 sau d6 cap nhat cay bootstrap cho Abootstrap
néu T cho diém MP tét hon. Vi viéc ndy tiéu tén nhiéu thoi gian nén ta can tinh toan
hiéu qua diém MP cua T cho AP°°tstraP Pé lam diéu do, luan an di phong theo
phuong phap RELL duoc dé xuat bai Kishino va cong su [45] (xem thém 2.3.2) dé
tinh gia tri ldy mau diém MP (resampling parsimony score - REPS) cho mdi sip hang
bootstrap. Tuy nhién, trong khi RELL chi thu dwgc log-likelihoods xap xi thi REPS
lubn ludn tra vé diém MP chinh xac. Vi cay T va cac diém sé mau-vi tri MP(T|D;)
tinh trén A4t giém MP trén AP°°tstrar dyoc tinh nhanh bang tong cé trong s cua

cac diém sb mau-vi tri:
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k
MP(T|Abootstravy — Z MP(T|D;) x d}°°%P (3.2)

i=1
trong d6 d.°°**""* |a tan suat mAu-vi tri D; khi tao A?°°tstrer Nho vay, khong
can phai lap lai viéc tinh diém MP cho mdi mau-vi tri, mdi ban sao bootstrap va mdi

cay.
3.3.3 Ting toc tinh toan REPS

Pé tang toc viéc tinh diém MP, MPBoot sir dung thém hai ky thuat toi vu thuat
toan.

Thi nhat, luan an dé xuét sir dung mot ngudng MP,,,., Sa0 cho diém MP tinh
trén cc sap hang bootstrap sir dung (3.2) chi &p dung cho nhitng cay T dugc tim thay
trong phép leo ddi théa man MP(T|A4*®) < MP,,,,. Ban dau, MP,,,, = +. Sau
phép leo ddi dau tién, thuat toan thiét lap MP,,,, 1a bach phan vi thir 90 ctia phan bd
diém MP trén sip hang gdc cua tat ca cac cay duyét trong phép leo doi nay. Trong
cac phép leo doi tiép theo, thuat toan chi xem xét cac cay ¢ diém MP trén 4432 nho
hon MP,,,,.. Piém MP cua nhitng cdy nay tao thanh mot phan b sau dé s& duoc st

dung dé cap nhat MP,,,, sau mdi phép leo ddi nhu trén.

Tha hai, thuat toan dung viéc tinh toan REPS cho mét A200tstrar néy ta khong
thé mong doi rang MP (T|AP°°tstrar) sg nho hon diém MP tét nhat tinh dén hién tai
MP, ., (APootstrap) Pé lam diéu ndy, thuit toan sap xép cac mau-vj tri D; theo diém
MP giam dan duya trén cay dau tién xay dung dugc ¢ budc khoi dau. Biém MP nho
nhat vé mat Iy thuyét, MP,,;,,(D,), bang s cac ky tu trang théi riéng biét c6 mat trong
D; trir di 1 trong truong hop ma tran chi phi déu. Truong hop ma tran chi phi khéng
déu, MP,,;,,(D;) bang d6 dai cua cay khung nho nhat trén db thi chi phi. D thi nay
c6 cac dinh twong @ng céc Ky tu trang thai c6 mat trong D; va trong sb canh bang chi

phi bién d6i gitra cac trang thai. Thuat toan dirng viéc tinh toan REPS néu
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J k
MP(T|Di) % dlpootstrap + Z MPmin(Di) X dlpootstrap
=1 i=j+1
> Mpbest(Abootstrap)

(3.3)

l

Vi motsé giatrij (1 < j < k), bai T khong thé 1a cdy MP cho AP0°tstrap Tgng
riéng phan thir nhat ¢ vé trai cua (3.3) 1a diém MP tinh cho j mau-vi tri dau tién cua
APootstrap - con tong riéng phan thi hai 1a can dudi cho diém MP cua k — j mau-vi
tri con lai. Néu (3.3) dung, ta biét rang T t6i hon cay bootstrap tét nhat hién tai cho

APootstrap ‘ma khong can tinh diém MP cia k — j mau-vi tri con lai.

3.3.4 Thuat toan MPBoot

Ta c6 thé tom tat toan bo hoat dong cia MPBoot nhu trong Thuét toan 3.1. So
v6i UFBoot (Thuét toan 2.1) thi MPBoot ¢6 thém budc tinh chinh dé tdi wu tirng
cay bootstrap (budc 4) dua trén sip hang bootstrap tuong tng. Khac biét nay la do
khong gian cy theo tiéu chuan MP tdn tai nhiéu cay c6 diém sé bang nhau boi diém
MP Ia s nguyén (trong khi diém log-likelihood Ia sé thuc, khong gian cay theo tiéu
chuan ML hiém khi c6 2 cay diém sb bang nhau). Viéc ldy mau cay trong MPBoot
chi dua trén sap hang géc kéo theo kha ning cao 1a cac cay bootstrap bj triing nhau,
dan téi kha nang gan gid tri ho tro bootstrap cao cho nhitng canh khong thuoc cay
dung.

MPBoot st dung thu vién tinh toan likelihood cho phéan tich tién hoa
(phylogenetic likelihood library - PLL) [24] dé hd tro tinh toan cay MP hiéu qua. Bé
giam chi phi tinh toan cta cac phép tim kiém SPR, PLL st dung mét béan kinh gigi
han sé dinh t6i da giira canh tng véi viéc cat cay con va canh tng véi viéc ghép cay
con. Do d6, chiing t6i di thir nghiém hai phién ban c6 ban kinh SPR bang 3 va 6, ky
hiéu lan luot 1A MPBoot SPR3 va MPBoot SPR6. Cudi cling, ma ngudn cua tat ca cac
tinh toan cbt 16i theo tiéu chuan MP va tinh toan REPS duoc téi wu dé ting téc nho
khai thac céng nghé SIMD nhu d4 trinh bay trong phan 2.4.1.4.
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Thuét toan 3.1. Thuat toan MPBoot

Dir liéu vao: Sap hang goc A%%t¢ gom n chudi (taxa).
Dir liéu ra: Tap cdy bootstrap. Cay MP xay dung cho sap hang gbc dugc gan céc
gia tri hd tro bootstrap cho mdi canh.

Bit dau

1)

2)

3)

4)

5)

Budc khoi dau: Tao B sap hang bootstrap, A;, A,, ..., Ag. Vi mdi sip hang
bootstrap A, khéi tao cay bootstrap T,: = null va MP(T,|A): = +oo.
Khai tao mot tap cac cay S: = {} va nguong M B, = +. Khai tao tap
ng vién C trén A%@t@ nhy giai thich trong phan 3.3.1.

Buéc kham pha: Tir mot cAy chon ngau nhién trong tap ung vién C, thuc
hién phép xao tron theo sau 1a phép leo ddi. Mdi khi duyét mot cay T méi
théa man MP(T|A%%%) < MP,,,,, thém T vao S va tinh MP(T|A,), cho
cac b = 1,... ,B dua trén (3.2). Néu MP(T|A,) < MP(T,|Ap), cap nhat
T,: = T. Khi phép leo ddi thuc hién xong, cap nhat MP,,,, bang bach vi
phan thr 90 ctia phan bd cac diém MP cua cac cdy trong S.

Piéu kién dirng: Néu n’ phép leo dbi lién tiép déu khong thanh cong, thuc
hién bude 4. Nguoce lai, quay vé budc 2.

Budc tinh chinh: V&i mdi cdy MP T}, (b = 1, ..., B) va sip hang twong tng
A, , tién hanh mét luot tim kiém leo dbi dung SPR va thay thé T, bang cay
MP méi néu cdy méi c6 diém MP 6t hon.

Budc tom tat: Xay duyng mot cdy dong thudn tir cic cdy bootstrap
{T,,T,, ..., Tz}, hodc tinh va gin gia tri hd tro bootstrap 1én cdy MP tdt

nhat trén A%9ta,

Két thuc

3.4 Thiét ké thuc nghiém

Luan an so sanh hiéu nang cia MPBoot SPR3 va SPR6 (duoc bién dich cho

SSE4) véi bootstrap chuan (1000 ban sao bootstrap), cai dat trong TNT phién ban 1.1
(thang 10 ndm 2014) va PAUP* phién ban 4.0a152 (thang 1 ndm 2017). T4t ca cac

phuong phap luu mét va chi mot cay tét nhat cho méi sap hang bootstrap. Luan an so

sanh céc sip hang DNA va protein str dung ma tran chi phi déu va khong déu. Vi dit
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licu DNA, ma tran chi phi khéng déu c6 chi phi bién di cing nhém 12 1 va chi phi
bién do6i chéo nhom 1a 2. Vi dit liéu protein, chi phi bién dbi gita hai axit amin duoc
dinh nghia 13 s6 luong bién ddi nucleotide téi thiéu can thiét dé bién axit amin nay
thanh axit amin kia. Ma tran chi phi nay duoc stra doi dé khdng vi pham bat dang

thac tam giéc [92].

Ching t6i st dung hai thi tuc tim cay trong TNT, ky hiéu 1a tim kiém nhanh
fast (thu tuc nay duoc goi y boi Pablo Goloboff - tc gia cua TNT qua lién lac ca
nhan) va tim kiém ki intensive. fast-TNT sir dung lénh "mult=rep 1 hold 1" (nghia 13,
TNT thuc hién chién luoc xay dung cay timg budc ngau nhién, sau d6 leo ddi bang
k¥ thuat TBR) dé tim kiém cay trén sap hang géc va cac sap hang bootstrap. intensive-
TNT sa dung lénh " xmult = notarget hits 3 level 0 chklevel +1 1" cho sap hang goc
va " mult=rep 1 hold 1" cho cac sip hang bootstrap. Lénh xmult két hop céc chién
lwgc tim kiém khac nhau nhu ratchet, sectorial searches, tree fusing va tree drifting
[31]. Vi vay, intensive-TNT tim kiém khdng gian cay triét dé hon fast-TNT trén sap
hang gdc, nhung st dung chién lugc tim kiém giéng fast-TNT trén c4c sap hang

bootstrap.

Chung t6i ciing khao st bootstrap chuan cai dat trong PAUP* bang cach ap
dung chién lugc xay dung cdy timg budc ngau nhién, sau d6 leo doi bang TBR doc
lap trén sap hang gdc va céac sap hang bootstrap. Do thoi gian thuc hién caa PAUP*
qué nhiéu, chang t6i chi c6 thé chay PAUP* cho ma tran chi phi déu. Cac Iénh TNT
va PAUP* chi tiét dugc trinh bay trong Phu luc 2.

3.4.1 Dir liéu mo phéng

Pé danh gia thoi gian tinh todn, kha ning tim ra cay MP va d6 chuin xéc cua
udce lwong bootstrap, luan &n 1am lai dix liéu mé phong céc sap hang DNA va protein
duoc mo ta trong [56]. Chung t6i da tai xudng cac sap hang tir co so dit liéu PANDIT
[93], chon md hinh ML phil hop nhét va xay dung cay ML cho mdi sap hang. Nhitng

cdy ML nay sau d6 duoc coi 1a cdy dung dé sinh sip hang mé phong theo cac tham
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s6 md hinh phu hop nhét, cuing chiéu dai va khoang tréng trong tu nhu cac sip hang
PANDIT géc. Can luu ¥ rang phan tich theo tiéu chuan MP vi pham cac gia thiét caa
cac md hinh phu hop nhat duoc lua chon. Ching t6i di loai trir 15 siap hang DNA va
17 sap hang protein c6 phan tich TNT hoiac PAUP* khdng hoan thanh. Do d6, bo di
licu md phong bao gom 6207 sip hang DNA (ky hiéu DNA-PANDIT) va 6165 sap
hang protein (ky hiéu AA-PANDIT) véi thong sb tom tat trong Bang 3.1.

Bang 3.1. Thang tin bo dit liéu md phong PANDIT (loai trir céc sdp hang c6 phan tich
TNT hoac PAUP* khdng hoan thanh).

Théng so Loai dix liéu
DNA protein
S6 sap hang 6207 6165
S6 taxa 4-403 (trung vi: 10) 4-374 (trung vi: 10)
S6 vi tri sap hang | 24-6891 (trung vi: 567) 12-2297 (trung vi: 193)

3.4.2 Dir liéu thuc

Dé danh gia MPBoot, luan an phan tich lai 115 sip hang TreeBASE - b6 dit liéu
dung dé danh gia thoi gian tinh toan cia UFBoot2 trong phan 2.5.1, bao gom 70 sap
hang DNA va 45 sap hang protein (théng sé tom tat trong Bang 2.1). Tuy nhién,
chung t6i da phai loai trir M9915 vi intensive-TNT d4 khong hoi tu. Tat ca cac s liu

thdng ké tong hop do d6 dua trén 114 sip hang con lai.
3.5 Két qua thuc nghiém
3.5.1 Theoi gian tinh toan

Bang 3.2. Tong thoi gian chay (gio) cia 5 phuong phép trén 114 sip hang TreeBASE. Con
s0 in dam ng véi phuong phap nhanh nhat theo ma tran chi phi twong ung.

Ma tran Ma tran chi phi

chi phi déu khong déu

fast-TNT 14.9 1784
MPBoot SPR3 36.2 202
MPBoot SPR6 70.1 491
intensive-TNT 72.5 2470
PAUP* 206.1 khong c6 s liéu
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Dé c6 xép hang tong thé cho cac phuong phap bootstrap khao séat, luan &n so
sanh thoi gian chay tich liiy ctia chling trén 114 sip hang TreeBASE (Bang 3.2). St
dung ma tran chi phi déu, fast-TNT can 14.9 gid va la phuwong phap nhanh nhat, tiép
theo la MPBoot SPR3 (36.2 gio) va SPR6 (70.1 gio). PAUP* la phuong phap cham
nhét (206.1h, cham hon khoang 14 1an so v&i fast-TNT). Tuy nhién, khi sir dung ma
tran chi phi khong déu, MPBoot SPR3 1a chuong trinh nhanh nhat (202 gio), MPBoot
SPR6 dung tha nhi (491 gio).

Thay vi tap trung vao thoi gian chay tich liy, ta s& thu duoc nhiéu thong tin khi
nghién ctru phan bé hiéu sb thoi gian chay trén tat ca cac sap hang. Hinh 3.1 cho thay
so sanh gitra fast-TNT va MPBoot SPR3. Hinh 3.2 cho thay so sanh giita intensive-
TNT va MPBoot SPR6. Trong Hinh 3.1 va Hinh 3.2, mdi dau cham trong hinh chinh
dai dién cho mét sap hang gbc. Truc y cho biét hiéu sé giira thoi gian CPU cua hai
chuong trinh. Tryc x cho biét hiéu sb gitta diém MP cua cay tét nhat cho sip hang
g6c dugc xay dung boi hai chuong trinh. Cac biéu do phan b tan suat  phia trén va
bén héng thé hién cac tan suat bién. Cac dau cham bén trai cua duong doc ké dat thé
hién cac sip hang ma MPBoot tim thiy diém MP tt hon. Néu mot diu chAm nam
dué6i dudong ngang ké dut, phan tich bootstrap bang MPBoot nhanh hon. Phan trim
trong cac gdc phan tu cua biéu dd biéu thi ti 1é cac sip hang thudc ving do. Ty 18
phan trim nam ngay trén duong doc ké dat phan anh sé lugng cac sap hang ma hai

chuong trinh ¢6 diém MP bang nhau.

Theo Hinh 3.1, fast-TNT nhanh hon MPBoot SPR3 néu ding ma tran chi phi
déu (94.3% sip hang DNA va 66.7% sip hang protein) nhung cham hon nhiéu so voi
MPBoot SPR3 néu ding ma tran chi phi khéng déu (hiéu sé thoi gian 1én dén 55 va
280 gidr dbi voi DNA va protein). Ta ciing quan sat duoc cac loi thé tuong tu vé hiéu
nang khi so sanh intensive-TNT va MPBoot SPR6 (Hinh 3.2).
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Hinh 3.1. So sanh hi¢u ning vé thoi gian chay va diém MP gitra MPBoot SPR3 va fast-
TNT véi cac ma tran chi phi déu (a, b) va khong déu (c, d) trén cac sap hang DNA va axit
amin thuc.
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Hinh 3.2. So sanh hi¢u ning vé thoi gian chay va diém MP gitra MPBoot SPR6 va
intensive-TNT véi cdc ma tran chi phi déu (a, b) va khong deéu (c, d) trén cac sap hang
DNA va axit amin thuc.

3.5.2 Kha ning tim dwoc ciy c6 diém MP tét nhat

Do tc do cua MPBoot c6 thé phai danh d6i v6i kha nang tim ra diém MP tdt
nhét trén cac sip hang géc, luan an so sanh cac diém MP tét nhat tim duoc theo cac
phuong phap khac nhau cho sap hang gdc (ca dix liéu md phong va di liéu thuc). Dé
lam diéu nay, chdng t6i tinh tan sudt ma mdi phuong phap thu duoc diém s tot nhat
trong 5 phwong phap khao sat trén tit ca cac sap hang (Hinh 3.3).

89



chi phi géu chi phi khéng déu

0-
100-

0-

100

o -
=1 m

Lianvd

=)
o

o -
=} m

EEREENN

Tén suét tim thay diém MP tét nhét trén sdp hang géc

fast-TNT intensive-TNT  MPBoot SPR3  MPBoot SPRE PAUP* fast-TNT intensive-TNT  MPBootSPR3  MPBoot SPRE PAUP*
Phuwong phap

[0 rast et [ intensive-Th [l wPBoot spr3 [l MPsoot spre I PaUP

Hinh 3. 3. Hi¢u ndng cua cac phuong phap khao Sat trong viéc xay dung cay MP cho sap

hang gbc. Cac biéu do cot cho thay tan SUat ma mdi trong sé nim phuong phap khao sat

thu duoc diém MP tét nhat cho sip hang gbc trong (A) bé dit liéu mé phong PANDIT va
(B) bo dir liéu TreeBASE.

Can luu y rang, trong so sanh nay, cac diém MP cua cay xay dung bai MPBoot
va TNT di duoc tinh lai bang PAUP*. Luu y thém rang diém MP tét nhat cho mot
sap hang nhit dinh c6 thé duoc tim thdy bai hon mot phuwong phap; do d6 tong cac
tan suat cho mot b dir liéu co thé 16n hon 1. Dir liéu cia PAUP* véi ma tran chi phi
khong déu khong dugc trinh bay do thoi gian thyc hién quéa nhiéu.

Trén dit lieu md phong (Hinh 3.3; cac biéu do phia trén), fast-TNT va PAUP*
cho thay cAc tan suat trong ty nhau trong viéc tim ra diém s tot nhat (75% dén 82%).
Diéu nay khong gay ngac nhién vi chung cai dit cac chién luoc tim kiém tuong tu
nhau. MPBoot SPR3, MPBoot SPR6 va intensive-TNT dat dwoc tan suit cao hon
trong viéc tim ra diém sé tot nhat (95% dén 99.5%).

Phan tich thém 114 sip hang TreeBASE cho thdy tan suat giam di voi tit ca
cac phuong phap (Hinh 3.3; céc biéu db phia dudi). Pang cha y, tan suat dat duoc
diém s6 tt nhat cua fast-TNT va PAUP* giam xudng 10% -13%, trong khi MPBoot
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va intensive-TNT c6 tan suat trung binh (70% -85%) va cao (90%). Chung t6i ciing
nhan thay rang khdng c6 khéc biét két qua khi sir dung ma tran chi phi déu va khdng

déu.

Hinh 3.3 chi cho thay cac tan suét dat dugc diém cao nhat, dé thu duoc nhiéu
thong tin hon chiing t6i danh gia cho tirng phwong phap muc do chénh léch cua diém
s6 tim duoc so véi diém s6 tét nhat. Bé 1am duoc diéu nay, ching tdi so sénh MPBoot
SPR3 va fast-TNT theo hiéu s gitta cac diém MP trén mdi sap hang TreeBASE (Hinh
3.1; mdi dau chim g véi mot sap hang). Khi sir dung ma tran chi phi déu MPBoot
SPR3 c6 diém sb thap hon fast-TNT cho 92.9% sap hang DNA (Hinh 3.1a) va 80%
sap hang protein (Hinh 3.1b). Chung toi quan sat dugc cac két qua tuong tu khi st
dung ma tran chi phi khong déu (Hinh 3.1c va Hinh 3.1d). Tuy nhién, intensive-TNT
cho thdy diém sé tot hon MPBoot SPR6 trén cac sap hang DNA (Hinh 3.2a va Hinh
3.2¢) va két qua tuong tu trén cac sap hang protein (Hinh 3.2b va Hinh 3.2d).

3.5.3 P§ chuin xac cia wée lwong bootstrap

Ludn &n d3 so sanh dg chudn xac cua cac gia tri wéc luong bootstrap gan bai
MPBoot va bootstrap chuan cai dat trong fast-TNT, intensive-TNT va PAUP*. Hinh
3.4a va Hinh 3.4b thé hién cac ham tinh d6 chuan xac cho nim phuong phap khao sat
khi sir dung ma tran déu trén dix liéu md phong. N6 cho thiy rang loai dit liéu
(nucleotides hoac axit amin) caa cac sap hang khdng anh huong dén tinh chuan xac
cua ude luong bootstrap. Céc phuwong phap TNT va PAUP* cho uéc luong thap hon
X&c suat dung ciia canh (Hinh 3.4a va Hinh 3.4b; cac duong cong nam phia trén dudng
chéo). Vi du: mét canh cé gié tri hd tro PAUP* téi thiéu 80% cd xac suat ding cua
canh 13 95%. Diéu nay khang dinh cac nghién ciu trude do (vi du: [39]) rang
bootstrap chuan bao thi trong wdc lugng Xac suat ding cia canh. MPBoot SPR6 thu
duoc cac gia tri hd trg bootstrap gan nhu khong chéch, it nhat 1a cho céac canh c6 gia
tri hd trg bootstrap > 70% (Hinh 3.4a va Hinh 3.4b; cac duong cong nam gan dudng

chéo). Piéu nay cho phép mot cach dién giai truc quan hon vé céc gia tri hd tro
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bootstrap. Cu thé, dé dat duoc xac suit dung cua canh 1a 95%, cac gia tri hd tro
bootstrap MPBoot SPR6 can phai 1a 95%.

Ma tran chi phi déu

(a) DNA-PANDIT (b) AA-PANDIT
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Hinh 3.4. D6 chuan xac cua cac gia tri hd tro bootstrap trén cac sap hang DNA va protein

mo phong PANDIT géan bdi MPBoot SPR3 (dudng cong xanh 1a), MPBoot SPR6 (duong

cong mau xanh da troi), fast-TNT (duong cong mau do), intensive-TNT (duong cong mau

vang) va PAUP* (dudng cong mau den) khi sir dung ma tran chi phi déu (a, b) va ma tran
chi phi khéng déu (c, d). Kich thuéc ngan (bin) trén truc x 12 1%.
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Tuong tu, ching t6i nhan thay rang khi st dung ma tran chi phi khdng déu,
MPBoot SPR6 it bao thi hon fast-TNT cho cac gia tri hd trg bootstrap> 70% (Hinh
3.4c va Hinh 3.4d: Luan an khong khao sat PAUP* do thai gian tinh toan qué nhiéu).

Chung t6i kiém tra tac dong cua budéc tinh chinh téi do chuan xéac bang thuc
nghiém tat budc tinh chinh khi ding MPBoot phan tich dit liéu mé phong PANDIT.
Két qua cho thiy trén ca 2 loai dit liéu du dung sir dung ma tran chi phi nao, gié tri
hd tro bootstrap tinh dugc déu cao hon x4c suat dung cua canh (Hinh 3.5; cac duong

cong vdng xubng phia dudi duong chéo).

Pé tiép tuc tim hiéu su khac biét gitta udc lugng bootstrap cia MPBoot va
bootstrap chuan, luan 4n so sanh diém MP cuaa cac cay bootstrap ma MPBoot va TNT
thu duoc, trong truong hop s dung ma tran chi phi déu. Ham mean_score() (Hinh
3.6) ki hiéu cho trung binh cong diém MP cua céc cay bootstrap thu duoc boi phuong
phap tuong (ng. Biém MP cho bootstrap ciia MPBoot SPR3 cao hon 2.7 (trung vi;
mién cua hiéu diém s6: -60.8 dén 100.5) so voi fast-TNT. Trong khi d6, MPBoot
SPR6 dat dugc diém MP cho bootstrap thip hon 1 (trung vi; mién cua hiéu diém sé:
-63.4 dén 28.9) so vai fast-TNT (Hinh 3.6). Noi chung, chung t6i dd khong quan sat
dugc khac biét dang ké nao giira cac diém MP cho cay bootstrap cia MPBoot va
TNT.

3.6 Binh luan vé két qua

Trong chuong ndy, luan 4n da trinh bay vé MPBoot, mot thuat toan moi xay
dung cady MP, dong thoi thuc hién tim nhanh 10i giai chap nhan dwoc cho bootstrap
theo tiéu chuan MP, c6 y tuong bat ngudn tir UFBoot [56] suy luan cay theo tiéu
chuan ML. MPBoot khac UFBoot & 4 khia canh chinh: (i) n6 tinh chinh xac (thay vi
tinh xap xi) cac diém MP cho cay bootstrap, (ii) n6 st dung k§y thuat SPR thay cho
NNI trong phép tim kiém leo ddi, (iii) n6 van dung parsimony ratchet (iv) né ap dung

buéc tinh chinh dé cai thién diém sé cua nhitng cdy bootstrap tét nhat thu duoc trong
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buréc khdm pha, nho st dung truc tiép cac sap hang bootstrap. Luan an da chi ra rang

su két hop nay cho phép kham pha hiéu qua khéng gian cay theo tiéu chuan MP.

Ma tran chi phi déu
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Hinh 3.5. Do chuan xac cua c4c gid tri hd tro bootstrap trén dit liéu mﬁ phong PANDIT
gan boi MPBoot SPR3 (xanh 14), MPBoot SPR6 (xanh da troi) khi tat budc tinh chinh,
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Hinh 3.6. Phan bo cua trung binh hiéu diém MP giita cac cay bootstrap cia TNT va
MPBoot SPR3 (trén) va cia TNT va MPBoot SPR6 (dudi) trén cac sap hang DNA (a) va
protein (b) thyc.

So i bootstrap chuan duoc cai dit trong PAUP* va TNT, MPBoot cho hiéu
nang tét ca vé do chuan xac bootstrap va thoi gian chay trén cac bo di liéu mé phong
cling nhu dit liéu thuc. So véi TNT vé mit tim kiém cay trén sap hang gbc, MPBoot
dat duoc diém MP tt hon fast-TNT va ngang bang intensive-TNT. V& mit phan tich
bootstrap, MPBoot thu dugc diém MP trén bootstrap ngang bang TNT.
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Cac nghién ctru trude day da chi ra rang xu huéng bao thi cua bootstrap chuan
la do hién tuong rogue taxa [3,51,95]. Pay 1a nhitng dinh 14 (lodi/taxa) c6 thé dit o
c4c vi tri khac nhau trong cay ma khéng thay ddi diém MP (do thiéu thong tin tién
hoa). Chung t6i du doan rang xu huéng it bao thu caa MPBoot (Hinh 3.4) c6 thé la
két qua cua viéc giam hiéu tng rogue taxa. Cu thé nhu sau: tinh trung binh, mét phan
ba cé4c vi tri trong sap hang goc khéng duoc ldy mau lai trong sip hang bootstrap,
diéu nay lam ting hiéu tng rogue taxa khi phép tim kiém cay duoc thuc hién doc lap
cho mdi sap hang bootstrap nhu trong bootstrap chuan. Nguoc véi diéu nay, MPBoot
thuc hién viéc tim kiém cay chi trén sip hang goc (véi mot budc tinh chinh nho ¢
cubi), s& 1am giam tac dong cua rogue taxa vi diém MP duoc tinh theo céc vi tri cua
sap hang gbc. Pong thoi, MPBoot van thu dugc nhitng cay bootstrap véi diém MP
ngang bang TNT. Tim hiéu so sanh cac cau tric caa cay bootstrap do MPBoot va
TNT thu dugc dé xac dinh cac rogue taxa va tir d6 giai thich xu huéng khéng chéch

ctia MPBoot sé rat thi vi, nhung ngoai pham vi cua luan an nay.

Ta dé dang nhan thay danh doi giira diém MP va thoi gian chay khi so sanh giira
fast-TNT va intensive-TNT hoic giita MPBoot SPR3 va MPBoot SPR6. Luu y rang,
MPBoot SPR6 db6i khi khong tim thay cay tét hon MPBoot SPR3 mic dii nd tim kiém
k§ hon. Tinh chat ngau nhién cua thuat toan tim kiém cay khién MPBoot SPR6 khdng
thé dam bao chic chin s& ludn tét hon. Mic di fast-TNT va PAUP* sir dung cung
mot chién lugc tim kiém cay, fast-TNT nhanh hon PAUP* dang ké do ma nguon
trong TNT duoc téi wu rat tbt. MPBoot ¢ thé sé nhanh hon nita néu duogc cai dat
thém céc k¥ thuat téi wu ma ngudn va cac ky thuat tinh toan MP hiéu qua nhu dé cap
trong [29]. MPBoot cham hon TNT khi sir dung ma tran chi phi déu nhung nhanh
hon khi st dung ma tran chi phi khong déu. Loi thé nay cia MPBoot so vai TNT la
do céc k¥ thuat tinh toan MP hiéu qua trong TNT phu thudc nhiéu vao cac phép toan
trén bit. Tuy nhién, phan 16n cac phép toan nay khéng thé ap dung cho ma tran chi
phi khong déu. Bén canh dé, khi ding ma tran chi phi khong déu, viéc tinh toan diém

MP cho mét cay trén mot sap hang bootstrap trong qué trinh tim kiém cay bootstrap
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tuong ng (nhu trong bat ctr cai dit bootstrap chuan nao) 13 tén kém hon nhiéu so voi

viéc ap dung (3.2) (nhu trong cai dat caa MPBoot).

Luan an ciing so sanh thoi gian tinh toan gitra MPBoot va phuong phap xi
nhanh bootstrap theo tiéu chuan ML (UFBoot2). MPBoot nhanh hon UFBoot2

khoang 1.2 va 8.6 lan tuong &ng trén cac sap hang DNA va protein.

Vi cac gid tri hd tro bootstrap> 70%, MPBoot SPR3 cho udc lugng cao hon
mot chlt so vai X&c suat dung cta canh trén sip hang protein nhung kha chuan xéac
trén sap hang DNA (Hinh 3.4; cac duong cong mau xanh 14). MPBoot SPR6 cho uéc
lwgng bootstrap gan nhu khong chéch trén cac sap hang protein nhung cho wéc lwong
thip hon mot chit so véi xac suit dang cia canh trén cac siap hang DNA véi cac gia
tri hd tro bootstrap> 70% (Hinh 3.4; dudng cong mau xanh da troi). Do do, dé co
duoc céach dién giai truc quan vé cac gia tri hd tro bootstrap, ngudi dung nén sir dung
MPBoot SPR6. Can luu ¥ rang, cac gié tri hd trg bootstrap thu dwoc boi MPBoot ¢6
khuynh hudng cao hon so véi PAUP*, fast-TNT va intensive-TNT; do d6 ching
khdng so sanh tryc tiép duoc. Vi du, mot canh cd gié tri hd tro theo fast-TNT 14 70-
80% c6 thé c6 gié tri hd trg theo MPBoot 1 95%, twong dwong véi kha ning 95% la

canh dung.

MPBoot xay dung tap xap xi cho tap hop cay bootstrap chuan dong thoi véi
viéc lay mau cay cho sap hang goc. Mdi cay duoc duyét trong qué trinh xay dung cay
trén sip hang goc s& dugc tinh diém MP ngay lap tac trén tit ca cac sip hang
bootstrap. Diéu kién ding ¢6 muc dich xac dinh mét sé lwong hop 1y cac phép leo
ddi dé tim ra cay tbt nhat cho sap hang goc. Do dé, ngay ca khi viéc tim kiém két thlic
s6m, tit ca cac sap hang bootstrap déu duoc xem xét.

MPBoot cung cap tly chon dé giit nhiéu cay tt nhit ngang nhau cho mdi sap
hang bootstrap. Sir dung tly chon ndy, ching toi da quan sat thay rang, doi véi mdi
sap hang TreeBASE, 85% céc ban sao bootstrap co tap cac cdy tot nhat ngang nhau

thu duoc trude bude tinh chinh, dugc tdi wu thanh cung mot cay bootstrap sau khi
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tinh chinh. Vi thuat toan chi thu thap cay bootstrap sau budc tinh chinh, tay chon nay
khong 1am thay doi d6 chuan xac caa MPBoot nhung lai dan téi chi phi tinh toan cao
hon. Vi vay, MPBoot mic dinh chi giit duy nhit mot cay bootstrap tét nhat cho mdi
sap hang bootstrap. Hon nita, budc tinh chinh 1a can thiét. Néu khéng ¢ budc tinh
chinh, MPBoot c6 xu huéng cho wdc lwong cao hon Xac suat ding cua canh (Hinh
3.5).

Trong luan &n nay, tat ca cac phuong phap bootstrap khao sat déu gitr mot cay
duy nhat cho mdi sip hang bootstrap va sir dung ciing mot phuong phap (tinh tan suat
canh) dé tom tat cac cay bootstrap. Tuy nhién, can luu y rang, MPBoot/PAUP* va
TNT sir dung céc cach tiép can khac nhau dé tom tat cac cay bootstrap néu duoc cau
hinh dé giit nhiéu cay tét nhat ngang nhau cho mdi sap hang bootstrap. MPBoot va
PAUP* truréc tién gan cho mdi cay bootstrap mét trong sb bang nghich d4o sé luong
cay trén mdi ban sao bootstrap twong trng. Sau dé, chung tinh gia tri hd tro bootstrap.
TNT trudc tién tinh toan mot cay dong thuan chit (strict consensus) cho tap céac cay
bootstrap cua tirng ban sao bootstrap. Sau do, no tinh gid tri hd tro bootstrap tir nhitng
cdy dong thuan chat nay [30]. Ngoai cac phuong phap trinh bay ¢ day, con cac tiép
can khac dé tom tit cac cay bootstrap, vi du nhu phuwong phap GC [30].

Thoi gian chay cua tat ca cac phuong phap bootstrap chu yéu duge xac dinh boi
sb lugng ban sao bootstrap. Intensive-TNT s& nhanh hon MPBoot khi st dung sb
luong ban sao bootstrap it di. Vi du, intensive-TNT va MPBoot tré nén nhanh hon
trong tng 1a 7.3 va 1.8 lan, khi thyc hién véi 100, thay vi 1000 ban sao bootstrap,
trén céc bo dix liéu thuc, st dung ma tran chi phi déu. Mac du c&c nha sinh vat c6 thé
chi thuc hién phan tich bootstrap véi 100 ban sao nham rdt ngin thoi gian, nhung cac
nghién cau ly thuyét khuyén nghi sir dung hang ngan ban sao bootstrap dé dat duoc
két qua c do tin cay cao [37]. Pattengale va cong su [65] khang dinh rang sé luong
t6i thiéu ban sao bootstrap lai phu thudc rat nhiéu vao dix liéu. Dua trén cac phan tich
dir liéu thyc, ho két luan rang cong thirc Hedges [37] cung cap mét can trén hop ly

trén cho s6 luong ban sao bootstrap.
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Chung t6i cling khao sat hiéu nang cia MPBoot véi ban kinh SPR I6n hon 6 va
thdy rang tang ban kinh c6 thé tim duoc ciy c6 diém s tot hon mot chiit nhung chi
phi tinh toan cao hon. Hon nita, MPBoot SPR6 di thu duogc cdy bootstrap véi diém
MP tuong duong, tham chi con tét hon TNT - véi chién luoc tim kiém dwa trén TBR.
Diéu nay cho thiy MPBoot SPR6 thurc hién tét viéc tim kiém ca trén sip hang gbc va
ca trén céc sap hang bootstrap. Nixon [61] di nhan thay ring ti 1 phan tram ratchet
tir 5% dén 25% la hiéu qua trong phan tich cua dng vé diém MP trén sap hang géc.
Tuy nhién, phan tich cua ching t6i trén dix liéu thuc cho thay ty & phan tram ratchet
bang 50% cho diém MP tét nhat. Do d6, MPBoot mic dinh dit ban kinh SPR 13 6 va
ty 1¢ ratchet 12 50%. Tuy vay, ngudi ding cd thé tiy chinh cac tham sé nay néu can.
Chung téi st dung bach phan vi thir 90 trong viéc xac dinh MP,,,, sau khi da khao
sat do chuan xé&c va thoi gian chay cuaa cac bach phan vi thip hon va cao hon. Trén

dir liéu md phong, bach phan vi tht 90 cho sy can bang tét nhit cho ca hai.

Trong tuong lai, chung t6i dy tinh mé rong kha nang linh hoat cia MPBoot
trong tim kiém bing céch tich hop k§ thuat xao tron cay TBR va phét trién luge do
tuong ty tim nhanh 1oi giai chap nhan dugc cho jackknife theo tiéu chuan MP [18].
Mot kha niang mo rong khéc trong twong lai 1a song song hda MPBoot. O day, tinh
toan REPS c6 thé duoc thuc hién cho mdi sip hang bootstrap mot cach doc lap, va
do d6 co thé dong thoi. Boi véi viéc tim kiém cay trén sap hang gdc, ta co thé song
song hda viéc tinh toan diém MP cho cac vi tri trén sip hang, st dung lugce db bo nhé
chia sé hoac phan phdi cac vong lap tim kiém doc lap riéng biét cho cac CPU khac
nhau [57].

3.7 Két luan chwong

Chuong nay trinh bay vé MPBoot, mot phuong phap mai dé tim kiém hiéu qua
cay MP, dong thoi tim kiém hiéu qua tap hop xap xi két qua bootstrap chuan theo tiéu
chuan MP. Lu4n an da so sanh MPBoot v&i bootstrap chuan cai dit trong TNT va
PAUP* sir dung c4c ma tran chi phi khac nhau. MPBoot cho diém MP t6t hon fast-
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TNT va PAUP* va tuong duong vai intensive-TNT. MPBoot SPR6 thu dugc cac gia
tri hd trg bootstrap gan nhu khong chéch bat ké loai dit liéu sir dung va ma tran chi
phi cu thé. MPBoot c6 thai gian chay it hon dang ké so véi PAUP*. MPBoot duoc
chung toi cai dat trong phan mém cung tén. Pay 1a phan mém dé st dung, mién phi.
Chung t6i cong khai ma nguon ma (theo GNU General Public License) cua MPBoot
trén dia chi http://www.igtree.org/mpboot véi cac chuong trinh chay bién dich san
cho Mac OSX va Linux.

Cac két qua nghién ctiru cia chuong nay da dugc cong bd mot phan trong mot
bai ki yéu Hgi nghi Qudc té vé Ky nghé tri thizc va Hé théng lan thiz 8 (KSE 2016)
(cdng trinh khoa hoc s6 1) va trong mot bai bao ding trén tap chi qudc té BMC

Evolutionary Biology nam 2018 (cong trinh khoa hoc s6 3).
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KET LUAN

Xay dung cay tién hoa dua trén dir liéu sinh hoc phan tir va danh gia d6 hd tro
thng ké cho cay dung duoc Ia hai budc quan trong trong quy trinh phan tich tién hoa
hién dai. Luan &n tap trung vao bai toan xay dung cdy bootstrap tién hda theo tiéu
chuan ML va MP vi day 1a hai tiép can dugc s dung rong réi trong phan tich tién
hoa. Phuong phap SBS c6 hai han ché chinh 1a (i) ton kém vé thoi gian thyc hién va
(ii) cho uwéc luong bootstrap thap hon xac suat ding cua canh. Su gia ting khong
ngirng vé quy md dix liéu sinh hoc phan t phuc vy phan tich tién hoa dat ra doi hoi

phai khac phuc cac han ché nay. Luan an c6 4 dong gop chinh nhu sau:

Mgt 1a, dé xuat phuong phap UFBoot2 giai nhanh bai toan xay dung cay
bootstrap tién héa theo tiéu chuan ML véi bon cai tién quan trong so véi phuong phap
UFBoot: (i) Cai tién téc do voi dé xuat thuat toan pruning nhanh va cac k¥ thuat toi
ru ma nguon, nhd d6 nhanh hon phién ban cii trung binh 2.4 lan; (i) Cai tién dé xir
Iy cac dinh da phan tét hon, nhd d6 thé hién thanh cong trén thuc nghiém mé phong
tir cay hinh sao; (iii) Cai tién dé giam anh huang cua vi pham mé hinh, nhd d6 cho
udc luong sat véi xac suat dung ciia canh ké ca khi vi pham mé hinh nhiéu va (iv)

Cai tién ma rong dé phan tich sap hang nhiéu gen.

Hai 1, phong theo ¥ tuong cia UFBoot cho ML, luan &n da dé xuit mot phuong
phap MPBoot méi dé tim kiém hiéu qua cay MP, dong thoi tim kiém hiéu qua 1i giai
chap nhan duoc cho bai toan xay dung cay bootstrap tién hda theo tiéu chuan MP.
MPBoot c6 thé sir dung ma tran chi phi déu hodc khong déu. Luan an da thuc hién
cac thuc nghiém trén ca di lieu mé phong va cac bo dir liéu sinh hoc 16n dé so sénh
MPBoot va cic phuong phap cai dat trong hai cong cu phan tich theo tiéu chuan MP
t6t nhat hien nay 1a TNT va PAUP* trén cac mat: thoi gian tinh toan, kha nang tim ra
cdy c6 diém MP tét nhat va do chuan xac caa udc luong bootstrap. Bootstrap nhanh
ctia MPBoot thuc hién nhanh hon bootstrap chuan cai dit trong PAUP* khi sir dung
ma tran chi phi déu; nhanh hon fast-TNT khi st dung ma tran chi phi khong déu.
MPBoot xay dung duoc cdy MP ¢ diém MP tuong duong vai intensive-TNT. Trong
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khi cac ban cai dat bootstrap chuan déu cho udc lugng thap vé& xac suat dung cua
canh, MPBoot SPR6 thu dugc cac gid tri hd tro bootstrap gan nhu khong chéch bat
ké loai dit liéu sir dung va ma tran chi phi cu thé. MPBoot, do d6, c6 thé thay thé hiéu

qua cac tiép can bootstrap chuan theo tiéu chuan MP.

Ba |, phuwong phap UFBoot2 dé xuit trong luan an da duoc chdng toi tich hop
vao hé théng 1Q-TREE (dia chi website: http://www.igtree.org) dwogc Zhou va cong

su danh gia 12 phan mém ma ngudn mo tét nhat hién nay cho phan tich cay tién hoa

theo tiéu chuan ML [104] va c6 nhiéu ngudi st dung.

Bon 14, cac dé& xuat vé phuwong phap méi MPBoot di dugc ching toi cai dat
trong phin mém md ngudn mé MPBoot (dia chi  website:

http://www.iqtree.org/mpboot).

Ludn &n, tuy vay, con han ché trong giai thich xu huéng uéc luong chéch/khdng
chéch cua timg phuong phap trén co s toan hoc va théng ké; trong mé rong khao sat
cac muac do vi pham md hinh khac nhau trong nhiéu cau hinh mé phong khéc nhau
cho UFBoot2; hay trong mé rong so sénh véi cac phuong phap phan tich tién héa st
dung Bayes (nhu MrBayes [70], BEAST [14]).

Bén canh nghién ciu khic phuc cac han ché nay, ching tdi c6 mot sé dé xuat
dé phat trién két qua nghién ciu cia luan an nhu sau: Thit nhat, nghién cau thiét ké
so sanh véi cac phuong phap hién co, két hop khao sat nguoi dung dé nhan dinh vé
tinh 6n dinh cua timg phuong phap. Thi hai, nghién ctiu cai thién cac phwong phap
dé cai dat trén hé thong GPU. Thi# ba, nghién ctiu két hop thé manh vé tc d6 cua
UFBoot2 vai thé manh vé @6 chuan xac bootstrap cho dit liéu 16n cia phuong phap
BOOSTER [51]. BOOSTER, duoc cong bé sau UFBoot2, 1a mot cong thirc méi dé
tinh gia tri hd tro cho mét canh tir tap cdy bootstrap cua SBS. N6 nham khic phuc
diém yéu cua cong thtc truyén thong dung ti 1& cay bootstrap c¢é chira canh d6. Trén
dix liéu nhiéu taxa, SBS két hop cdng thic truyén théng ¢ xu huéng tinh ra gié tri hd

trg rat thap cho céc canh nam sau trong cdy. Do tap cay bootstrap cuaa UFBoot2 va
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SBS khac nhau, dé két hop UFBoot2 va BOOSTER c6 thé can hiéu chinh tir ca 2
phia, do d6 can c6 nghién ctru sau hon. Thiz ba, nghién ctu phét trién mot thude do
toan dién hon vé do hd trg thdng ké khi phan tich bootstrap di liéu nhiéu gen. Vi
dix liéu nhiéu gen, ta c6 1 cay tién héa cho mdi gen va 1 cay tién hoa loai (dya trén
két hop tat ca cac cay tién hoa gen). UFBoot2 da c6 dé xuat sinh sip hang bootstrap
cho dix liéu nhiéu gen, cac gié tri hd trg bootstrap tinh cho cay tién hda loai thé hién
muc do hd tro tir dir liu. Bé tinh téi cay tién hoa gen, nd can két hop véi ¥ tudng
méi ddy cua Minh va cong su [55] vé thude do gCF tinh ti 1& xuat hién trén cac cay

tién hoa gen cho mdi canh trén cay tién hoa loai.
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PHU LUC 1: BANG BO SUNG

Bang P1. Cac dong lénh dung dé chay cac thuat toan caa IQ-TREE va RAXML dung trong
Chuong 2 luan an.

Phuong phap | Phién ban 1Q- | Dong Iénh vi du
TREE

UFBoot gdc IQ-TREE 0.9.6 | igtree -s example.phy -m GTR+G -bb 1000 -p

0.5

UFBoot2 IQ-TREE igtree -s example.phy -m GTR+G -bb 1000
1.6.beta5

UFBoot2+NNI | IQ-TREE igtree -s example.phy -m GTR+G -bb 1000 -
1.6.beta5 bnni

SBS IQ-TREE igtree -s example.phy -m GTR+G -b 100
1.6.beta5

RAXML RAXML 8.2.9 raxmIHPC-SSE3 -f d -m GTRGAMMA -p

search $RANDOM -S example.phy -n

raxsearch.example.phy

RAXML rapid | RAXML 8.2.9 raxmlHPC-SSE3  -s  example.phy -m
bootstrap with GTRGAMMA  -n rbs.example.phy  -x
bootstopping $RANDOM -N autoMRE -p SRANDOM
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PHU LUC 2: CAC CAU LENH TNT VA PAUP*

1. Script TNT dé thuc hién fast-TNT véi ma tran chi phi déu

Phan tich bootstrap nay tao ra 1000 ban sao bootstrap va sir dung chién luoc tim kiém

nhanh trén ca sip hang gdc va cac sap hang bootstrap.

Trén may Linux, dé thuc hién phan tich nay trén mot sip hang DNA vi du example.fa
€6 dinh dang fasta, hay luu tap Iénh dudi day thanh tép fastboot.run, dat né trong

cung thu muc vai tép thuc thi tnt, sau do6 chay dong Iénh:

Jtnt fastboot example.fa dna,

Véi dit liéu protein, thay thé xau “dna” trén dong Iénh trén thanh “prot”.
Khi chuong trinh thuc hién xong, ban s& thiy ba tép mai.

e example.fa.fast.log chira cac thong bao chuong trinh trong qua trinh chay.
o example.fa.fast.best chira cay tt nhat xdy dung cho sap hang gbc.

o example.fa.fast.boottrees chira 2 ciy dong thuan va 1000 cay bootstrap.

macro=;

mxram 1000;
taxname +100;
taxname=;

log %1.fast.log;
collapse 0;
report =;

watch =;
nstates %2;
nstates nogaps;
p &%1;

hold 2000;
rseed O;

mult= rep 1 hold 1;
export - %l.fast.best;

resample boot rep 1000 freq savetrees [mult = rep 1 hold 1;];
export - %l.fast.boottrees;
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log/;
proc/;
z,

2. Script TNT dé thuc hién intensive-TNT véi ma tran chi phi déu

Phan tich bootstrap nay tao ra 1000 ban sao bootstrap va sir dung chién luoc tim kiém

ki trén sap hang gbc, chién lugc tim kiém nhanh cho cac sap hang bootstrap.

Tuong tu c&ch sir dung fast-TNT, Iuu tap Iénh sau thanh tép intensiveboot.run, sau

do6 chay dong lénh:

Jtnt intensiveboot example.fa dna,

macro=;
log %1.intensive.log;
report =;

watch =;

nstates %2;

nstates nogaps;

mxram 1000;

taxname +100;

taxname=;

proc &%l; sect: slack 100;
hold 10000;

rseed O;

collapse O;

xmult = notarget hits 3 level 0 chklevel +1 1;
export - %l.intensive.best;

resample boot rep 1000 freq savetrees [mult=rep 1 hold 1];
export - %l.intensive._boottrees;

log/;
proc/;
z,

3. C4c lénh TNT lam viéc véi ma tran chi phi khong déu

Dé thuc hién phan tich bootstrap cho DNA diing ma tran chi phi khéng déu véi fast-

TNT hozc intensive-TNT, hdy chén vao dong tréng dau tién trong tap lénh twong ting
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cho ma tran chi phi déu (da cho & phan truéc) cac Iénh sau dé dinh nghia ma tran chi
phi:

smatrix =1 (gltsltv2) a/c 2 a/g 1 a/t 2 c/g 2 c/t 1 g/t 2;
smatrix +1 .;
ccode -( .;

Vi dir liéu protein, chung ti st dung ma tran sau day:

smatrix =1 (aa nt changes) A/R 2 A/N 2 A/D 1 A/C 2 A/Q 2 AVJE 1 A/G 1
AH2 A/ 2 A/L 2 VK2 AM 2 A/F2 A/P1ASLTATLIAMNZ2AN 2AN
I1RN2RD2RICI1IROQI1IRE2Z2RGIRHIRII1IRLIRKIRMI
RFSS1IR/T1IRMWI1IR/YN 2R/N 2ND1NC2NQ2NE 2NG
N/L 2 NJK 1 NM 2 NF 2 N/P 2 N/S 1 N/T 1 N/W 2 N/Y 1
Q2D/E1D/G1DMHI1ID/I 2D/L 2 D/K 2 D/M 2 D/F 2 D/P
D/W2D/NY 1D/N1C/Q2C/E2CGCGLC/H2C/I2C/L2
1C/P2C/S1C/T2CMNLIC/YLICN 2QUELQG 2 YH
1QM2 QUF2QP1QS2QUT2QQW2QY2QV2
E/L 2 E/K1EM2E/F2E/P 2E/S2E/T2EMN2EY
2G/ML 2G/K2GCM2CF2GP2GCS1GCMT?2GMWI1
H/L 1 H/K 2 HM 2 H/F 2 H/P 1 H/S 2 H/T 2 H/W 2 H/Y
I1IMIW/FLI/P2I/STU/TLIIWNZ21/Y2I/N1]
W/PLL/SIULUT2ILMNILILLY 2L/ IKMILKF2K/P
2 KIY 2 KN 2 WF 2 WP 2WMWS 2MWT1MWW2 WY 3
F/T2FMW2F/N 1FN 1P/S1P/T1P/MW2P/N 2PN
1SN 2TMN2T/Y 2TN 2 WY 2WN 2 YN 2 ;
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4. Lénh bootstrap trong PAUP* sir dung chién lwec giong fast-
TNT véi ma tran chi phi déu

bootstrap nreps=1000 search=heuristic format=Phylip
replace=yes/ addseqg=random nreps=1 swap=tbr multrees=no
hold=1 reconlimit=Infinity
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